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Abstract 
 
Anthropogenic impacts on the environment have caused a global biodiversity crisis. 
Contaminants expelled during human activities, including heavy metals, persistent organic 
pollutants, pharmaceuticals, and plastic debris, are a substantial part of anthropogenic impacts 
on biodiversity. Plastic pollution presents unique environmental challenges since plastic has 
both physical and chemical characteristics that affect organisms, and plastics can persist for 
hundreds of years. To date, over 331 marine species are known to ingest plastic debris, and 
the prevalence of plastic pollution across ecosystems makes it a threat to many taxa. Seabirds 
are a charismatic and ecologically important group of marine megafauna. Studies of plastic 
ingestion in seabirds can be used to detect, monitor and characterise environmental plastic in 
the broader environment.  
 
In this thesis, I contribute to (Chapters 2 and 3) and synthesise (Chapters 4 and 5) a growing 
body of literature on plastic ingestion in seabirds and present a straightforward approach for 
considering uncertainty in conservation decision-making contexts (Chapter 6). In Chapter 2, 
using standardised methods, I demonstrate how the Northern Fulmar (Fulmarus glacialis) can 
serve as a biological monitoring species for quantifying and characterising plastic pollution. 
In the remote, sub-arctic Labrador Sea, I discover that 34% (n= 70) of sampled birds 
exceeded the Ecological Quality Objective for marine litter, having ingested > 0.1 g of 
plastic, thus establishing a standardised baseline for future comparisons (Avery-Gomm et al., 
2017). To more fully understand the occurrence of plastic ingestion and impacts on 
biodiversity, it is valuable to investigate plastic ingestion in novel species and regions using 
the same standardised approaches. In Chapter 3, I present plastic ingestion data for Dovekies 
(Alle alle), the most abundant seabird in the world. I find that 30% (n= 171) of beach 
wrecked Dovekies ingest plastic and that poor waste management practices are a likely 
source of plastic pollution. Importantly, comparisons between this study and another nearby 
study of plastic ingestion in Dovekies from the same wrecking event that did not use 
standardised methods were rendered incomparable. This demonstrates how a failure to follow 
standardised methods for quantifying plastic ingestion can undermine spatial and temporal 
comparisons (Avery-Gomm et al., 2016). 
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In Chapter 4, I articulate how plastic ingestion research can be better linked to wildlife 
conservation by establishing a clearer understanding of how scientific discoveries can be 
integrated into conservation and policy actions. I review challenges associated with 
quantifying the impacts of plastic ingestion at the population level and consider how 
ingestion research could benefit wildlife conservation by prioritizing studies that: (i) identify 
causal relationships between plastic load and demographic parameters that impact 
populations, (ii) improve our understanding of the factors that influence a species or 
population’s susceptibility to ingesting plastic, and (iii) evaluate strategies for mitigating 
impacts (Avery-Gomm et al., 2018). In Chapter 5, I bridge the gap between individual 
baseline plastic ingestion studies and wildlife conservation using a phylogenetically informed 
analysis of a 57-year global dataset representing nearly 50,000 birds (Avery-Gomm et al., in 
review). I discover that diet, foraging method, age class and the decade of study partly 
explain observed patterns of plastic ingestion across the full phylogeny of seabirds. I develop 
predictions of plastic ingestion risk for all seabird species and conclude that plastic ingestion 
is already likely to be ubiquitous across all species. To guide future research on monitoring 
and mitigation, I highlight several highly vulnerable species that should be priorities for 
investigations of plastic ingestion including the Critically Endangered Magenta Petrel 
(Pterodroma magentae), Long-Tailed Jaeger (Stercorarius longicaudus), Endangered 
Newell’s Shearwater (Puffinus newelli), Little Shearwater (Puffinus assimilis), Vulnerable 
Hawaiian Petrel (Pterodroma sandwichensis) and Endangered Black-Capped Petrel 
(Pterodroma hasitata). 
 
Plastic pollution is one of many threats and environmental factors that affect marine 
organisms. Uncertainty about how the impacts from plastic ingestion will interact with other 
components of seabird ecology to affect population dynamics will be difficult to resolve 
fully. Thus, our understanding of plastic pollution as a threat to biodiversity is, and will likely 
remain, rife with uncertainty. Given the informational limits, straightforward approaches for 
dealing with uncertainty in a conservation decision-making context are critical. In Chapter 6, 
I present an approach that illustrates that data uncertainty does not always preclude cost-
effective, transparent decision making using a decision-science problem involving the 
prioritisation of funding for threatened species recovery (Avery-Gomm et al., in prep). 
 
Plastic pollution pervades nearly all marine environments, from the deep sea to the poles. My 
results suggest that plastic has probably contaminated all seabird species, and highlight why 
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urgent action at the international level is necessary. My thesis advances the field of wildlife 
plastic research and conservation of vulnerable species by contributing to our ability to 
detect, quantify and characterise plastics in the environment, improving our understanding of 
the exposure, impacts and occurrence of plastics in wildlife, and helping to explore 
uncertainty in the context of complex cost-effective, values-based conservation decisions.  
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1 Introduction 
  
1.1 Global biodiversity and environmental contaminants 
Planetary health is threatened in many ways (Demaio and Rockström, 2015), and 
biodiversity is in crisis. Even the most conservative analyses estimate that modern extinction 
rates exceed natural background (i.e., pre-human) rates by an enormous margin (Ceballos et 
al., 2015), adding to the weight of evidence suggesting that the 6th mass extinction event in 
the planet’s 4.5 billion year history is underway. In addition, the abundance of non-domestic 
fauna has roughly halved (McRae et al., 2017).  This loss of biological diversity and biomass 
is expected to have many consequences for the structure and function of ecosystems, and the 
services they provide to humanity and is one of the most serious aspects of the current 
environmental crisis (Hooper et al., 2012; Worm et al., 2006).  
One anthropogenic threat to biodiversity is the enormous suite of contaminants that 
are released by human activities. These include heavy metals, persistent organic pollutants, 
and pharmaceuticals – many of which resist environmental degradation, bioaccumulate in 
organisms and have significant adverse effects on the environment and wildlife (Saaristo et 
al., 2018). Some, namely the Persistent Organic Pollutants (POPs) are controlled under the 
global convention (Stockholm Convention on Persistent Organic Pollutants). Others, such as 
heavy metals, may be naturally present in the environment, but have increased as a result of 
human activities (Dietz et al., 2009). Plastic is another diverse group of persistent 
environmental pollutants. Like POPs, plastic is resistant to degradation through 
environmental, chemical or photolytic processes – thus, it persists in the environment. 
However, unlike other contaminants, plastic debris has both physical and chemical 
characteristics, which adds layers of complexity to the challenge of understanding and 
managing the consequences of plastic pollution in the environment including its impacts on 
wildlife. Furthermore, unlike POPs, which are being phased out under the Stockholm 
Convention, the production and subsequent release into the environment of plastics are still 
continuing to rise significantly (Plastics Europe, 2015). In my PhD, I contribute five studies 
which help to document and synthesise information on one of the key mechanisms by which 
plastic interferes with wildlife: plastic ingestion.  
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Plastic pollution is a growing global concern 
Concern about plastics in the environment has been raised at the global level (UNEP, 
2014). The mass production of plastics increased rapidly from ~1.5 million tonnes in 1950 to 
348 million tonnes in 2017 (Andrady and Neal, 2009; Plastics Europe, 2018). The quantity of 
plastic debris circulating the global oceans is challenging to estimate with precision (van 
Sebille et al., 2015), but high concentrations are located in subtropical convergent gyres 
(Eriksen et al., 2014; Moore et al., 2001) and populated regions such as the Mediterranean 
Sea and North Sea (Cózar et al., 2015; van Franeker et al., 2011). Even the remote high 
Arctic is projected to become another accumulation zone, as a result of oceanic currents 
(Cózar et al., 2017). Due to poor waste-management practices, an estimated 4.8 to 12.7 
million tonnes of plastic enter the oceans each year from land-based sources alone (Jambeck 
et al., 2015). Plastic pollution is now so widespread that this synthetic material is now 
considered a geological marker of the Anthropocene, the emerging epoch which is 
characterised by significant changes in the state, dynamics and future of Earth systems 
(Zalasiewicz et al., 2016). Over the past decades, there have been many studies documenting 
the negative consequences of plastic debris on the environment, human health, and economic 
sectors including tourism, fisheries, and navigation (Gregory, 2009; Werner et al., 2016).  
 
Plastic pollution & biodiversity  
Interactions between marine debris and wildlife have been known for over 50 years, 
but the breadth of these interactions has only begun to be revealed in the past 10-15 years 
(Kühn et al., 2015; Laist, 1997). For example, plastic pollution can smother benthic habitats, 
including productive coral and rocky reefs (Gregory, 2009). Mortality of marine organisms 
due to entanglement in plastic fishing nets, ropes and bags has been reported for seabirds, 
turtles, fishes, and marine mammals (e.g., Gilardi et al., 2010). Plastic may act as a substrate 
for hitch-hiking species, contributing to invasions (Barnes, 2002). Of concern and relevance 
to this thesis, over 331 species have been documented to ingest plastic debris (Kühn et al., 
2015; Tekman et al., 2019).  
To date, plastic has been observed in the stomach contents of all sea turtle species, 
66% of marine mammals and 50% of seabird species. Why exactly organisms ingest plastic 
debris is unclear (Dell’Ariccia et al., 2017; Savoca et al., 2016; Schuyler et al., 2014), but 
plastic items may be ingested directly by animals or transferred trophically from prey to 
predator (Provencher et al., 2018a). Plastic ingestion can affect wildlife across the food chain 
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and may manifest as direct mortality, or sublethal effects, including increased morbidity 
(Roman et al., 2019; Wilcox et al., 2018).  
 
Figure 1.1 Plastic ingestion in a Laysan Albatross chick in the Hawaiian Islands, (A) observed in 
1966 (Kenyon and Kridler, 1969) and (B) observed in 2012, photographed Dr Jennifer Lavers. 
 
Impacts of Plastic Ingestion 
At the individual level, plastic ingestion can cause direct mortality through gut 
impaction or gastric laceration (Figure 1.1; Jacobsen et al., 2010; Pierce et al., 2004; Wilcox 
et al., 2018). For many species that are exposed to plastic, mortality that can be confidently 
attributed to plastic ingestion is not readily observed, because most mortality occurs at sea 
where organisms are out of sight.  Sublethal impacts, however, have been observed in wild 
animals via correlations between plastic load and indicators of health (e.g., body condition, 
mass, fat content, blood chemistry; Lavers et al., 2019, 2014; Puskic et al., 2019; Ryan, 1988, 
1987a; Spear et al., 1995). Sublethal effects of plastic ingestion on wildlife include 
diminished feeding, dehydration, reduced growth rates, and gastric injuries, including lesions 
and ulcers (Rochman et al., 2016; Wright et al., 2013). When plastics are ingested by 
organisms, contaminants may be transferred from plastics into animal tissues, and 
consequently ingested plastics may have toxicological impacts, in addition to physical 
impacts (Rochman et al., 2014, 2013; Teuten et al., 2009). Often, plastic pollution is 
discussed as if it is one type of contaminant, but it is not. Plastics are complex materials 
containing a diverse suite of contaminants (Rochman et al., 2019), including polymers such 
as polyethene, polypropylene, and polystyrene, which can be mixed together in various 
consumer products.  Numerous chemicals may be added to plastics in the manufacturing 
process, to make the plastics soft or durable, transparent or colourful, or to protect the plastics 
from sunlight or fire. A few of these additives, namely phthalates, UV stabilisers, and 
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brominated flame retardants (PBDEs), are hazardous chemicals of emerging concern and 
regulatory interest that have known or suspected toxicological effects (Lu et al., 2019, 2016; 
United States Environmental Protection Agency, 2017). 
The toxic potential of some of these plastic additives is just one of the sources of 
contaminants that plastics may pass on to the organisms that ingest them. Additional 
chemical contaminants that are present in ambient seawater (e.g. POPs, polychlorinated 
biphenyls (PCBs) and dichlorodiphenyltrichloroethane (DDT)) become associated with 
plastic because they are highly hydrophobic – these contaminants become ‘attracted’ to 
plastics and can adsorb to plastic debris in very high concentrations (Bakir et al., 2012; Mato 
et al., 2001; Ogata et al., 2009). Many of these ‘plastic-attracted’ chemicals have been 
targeted by international agreements, such as the Stockholm Convention on Persistent 
Organic Pollutants (2004) because they persist in the environment, bio-accumulate through 
the food web and pose a risk of adverse effects on human health and the environment. When 
organisms ingest plastics with adsorbed POPs, they can leach into animal tissues; thus 
plastics may act as another source of pollutants (Colabuono et al., 2010; Provencher et al., 
2018b; Rochman et al., 2013b; Teuten et al., 2007). Unsurprisingly, given the diverse 
combination of plastics, contaminants and organism, the significance of ingested plastics as a 
medium for transfer of hazardous chemicals into marine food-webs is highly context-
dependent (Hermabessiere et al., 2017; Tanaka et al., 2019; Bakir et al., 2016).  
It has been widely assumed that the impacts of plastic ingestion observed at the 
individual-level will scale up to profound effects on ecological communities and ecosystem 
function, but detecting these higher effects is challenging (Avery-Gomm et al., 2018; Browne 
et al., 2015; Rochman et al., 2016; Figure 1.2). Thus, many of the consequences of plastic 
ingestion in individuals that could scale up to populations and assemblages are hypothesised, 
but not yet demonstrated (Browne et al., 2015; Rochman et al., 2016). 
 
1.2 Seabirds Under Threat  
Worldwide there are 355 species of seabirds, which are defined by a life history that 
involves spending most of their lives at sea or making a living from the sea (Gaston, 2001). 
Seabirds include penguins (Sphenisciformes), albatrosses, shearwaters, and petrels 
(Procellariiformes), tropicbirds, cormorants and gannets (Pelecaniformes), auks, terns, skuas, 
some phalaropes and gulls (Charadriiformes), seaducks (Anseriformes; Anatidae), and loons 
(Gaviiformes). Many seabird species are long-lived, take several years to reach sexual 
maturity, and invest heavily in producing small numbers of young. As such, adult mortality 
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and pressures that negatively impact population growth rates can have negative consequences 
for the long-term probability of persistence, since the population can only recover at a 
relatively slow rate (Schreiber and Burger, 2002). Threats such as incidental catch in 
fisheries, invasive species on breeding colonies, climate change, pollution, and human 
intrusion and disturbance have led to 31% of seabird species being globally threatened with 
extinction (Dias et al., 2019; Lascelles et al., 2014). This makes seabirds one of the most 
threatened groups of birds (BirdlLife International, 2018). An estimated 47% of seabird 
species are in decline, and a recent analysis has estimated a >50% decline in the abundance of 
monitored seabird populations since 1950 (Paleczny et al., 2015). These results are alarming 
given the vital role seabirds play in island ecosystem processes, function, and resilience, by 
acting as predators, scavengers, cross-ecosystem nutrient subsidisers, and ecosystem 
engineers (Fukami et al., 2006; Mosbech et al., 2018; Sekercioglu, 2006; Young et al., 2010). 
 
Seabird and Plastic Pollution  
In just the past 10 years, plastic pollution has transitioned from an ‘emerging concern’ 
to a globally acknowledged crisis requiring immediate action as the scale of the problem has 
become better understood. Concomitantly, the field of plastic ingestion research has grown. 
Seabirds are among the most well studied marine megafauna with regards to the threat of 
plastic ingestion, with the first studies dating back to 1968 (Kenyon and Kridler, 1969). 
Studying plastic ingestion in seabirds can reveal the broader trends in marine plastic 
pollution, elucidate the prevalence of plastics in marine food webs, and is essential from a 
wildlife conservation perspective. 
 
Sentinels of marine ecosystem change 
Seabirds are considered to be sentinels of status and change in marine ecosystems, 
revealing information about fisheries stocks, climate change and environmental contaminants 
(Anderson et al., 2011; Furness and Camphuysen, 1997; Piatt and Sydeman, 2007). In part, 
seabirds are ideal bio-monitors because they are highly visible and are more easily observed 
than other marine megafauna that spend much of their time below the surface. Many seabird 
species are also colonial breeders that gather annually in large numbers on cliffs and offshore 
islands, which facilitates population monitoring and sample collection (Furness and 
Camphuysen, 1997; Piatt and Sydeman, 2007). For example, seabird eggs are used to monitor 
temporal trends in contaminants such as mercury and PBDE in marine and aquatic 
ecosystems (Braune et al., 2007, 2015; Mallory and Braune, 2012; Norstrom et al., 2002). 
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This has played a central role in detecting the outcomes of regulations limiting chemical 
production, use and emissions (Mallory and Braune, 2012).  
Seabirds also serve a valuable role as ‘sentinels’ or ‘bio-monitors’ of plastic pollution. 
For example, plastic ingestion studies of Northern Fulmar (Fulmar glacialis) have facilitated 
spatial and temporal comparisons of the density and composition of plastic pollution in the 
North Sea as part of an international, long-term annual monitoring program (OSPAR, 2008; 
van Franeker et al., 2011). Importantly, this has allowed for adaptive policy decisions (van 
Franeker et al., 2011). Northern Fulmars have also been sampled opportunistically to 
generate ‘snapshots’ of plastic pollution in the marine environment across their circumpolar 
range in the Northern Hemisphere (E.g., Norway, Sweden, Denmark, the Netherlands, 
Belgium, Germany, France, the United Kingdom, Faroe Islands, Iceland, Canada and the 
USA; Avery-Gomm et al., 2012 Donnelly-Greenan et al., 2014, Kuhn and van Franeker 
2012, Terepocki et al., 2017, Trevail et al., 2015, van Franeker, et al., 2011).    
The set of methods used to study plastic ingestion in Northern Fulmar in the North 
Sea (van Franeker, 2004) have become the de-facto standardised methods for studying plastic 
ingestion in other seabirds (Provencher et al., 2017). Use of standardised methods for 
sampling and reporting improves the degree to which differences in plastic ingestion can be 
attributed to spatial and temporal differences in plastic pollution or the vulnerability of 
animals – rather than due to methodological differences between studies.  
 
Implications for seabird conservation 
In addition to using seabirds as bio-monitors of plastic pollution, studies of plastic 
ingestion in novel species and regions can reveal the exposure, occurrence and impacts of 
plastic ingestion. When a large number of species are considered, this can yield insights into 
the pervasiveness of plastic contamination across the marine food web and the possible 
ecological drivers of plastic ingestion (Avery-Gomm et al., 2013; Robards et al., 1995; 
Roman et al., 2019; Ryan, 1987b; Tekman et al., 2019). For example, we now know that 
seabird species, such as Laysan Albatross (Phoebastria immutabilis) and Flesh-footed 
Shearwaters (Puffinus carneipes) are exposed to, and ingest, large quantities of plastic debris 
(Lavers et al., 2014; Spear et al., 1995; Young et al., 2009).  
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Figure 1.2 Hypothetical and observed impacts to birds from ingested debris, adapted with permission 
from Browne et al. (2015). Grey-shaded boxes identify impacts caused by plastic debris at different 
levels of biological organisation and solid lines indicate proven linkages between levels, whereas 
dotted lines indicate unproven but hypothesised links from published experiments. Based on existing 
hypotheses and evidence, we would expect birds with more plastic in their guts to hold less water and 
food (Sievert and Sileo, 1993) and contain more chemical pollutants (Ryan et al., 1988; Teuten et al., 
2009). Dehydrated birds are known to feed and grow more slowly and have damaged gastric tissue 
(Hannam et al., 2003) and immunocytes (Maxwell et al., 1992). Similarly, birds on diets with fewer 
lipids grow more slowly, forage less efficiently and have poorly functioning immune systems 
(Alonso-Alvarez and Tella, 2001; Kitaysky et al., 2006). The immune system may also be damaged 
from chemicals that transfer from ingested plastics (Browne et al., 2013). Birds with active immune 
systems feed and grow at slower rates, and produce smaller and fewer offspring (Ilmonen et al., 
2000), whereas birds that accumulate pollutants frequently found on debris have more parasites 
(Sagerup et al., 2000), smaller reproductive outputs and suffer mortality (Baxter et al., 1969).  
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Ingestion of plastic can manifest as physical and toxicological symptoms that may be 
clinically significant (Browne et al., 2015; Wright et al., 2013; Figure 1.2). Although 
mortality can sometimes be forensically attributed to plastic ingestion, the significance of 
plastic ingestion at the population- and assemblage-level is not yet well understood (Browne 
et al., 2015; Rochman et al., 2016). Indeed, understanding the significance of contaminants at 
higher levels of organisation is a challenge common in the field of wildlife ecotoxicology 
(Köhler and Triebskorn, 2013, Koelmans et al., 2017). Central to our ability to understand 
and manage the impacts of plastic ingestion on biodiversity are studies that contribute to our 
understanding of (i) the distribution, composition and sources of marine plastic pollution, (ii) 
which species and populations are vulnerable to ingesting plastic, (iii) the impacts of plastic 
ingestion at higher-levels of biological organisation, (iv) the design of appropriate 
management options; and (v) how to account for uncertainty while making better decisions 
about research and management.  
 
1.3 Thesis Structure 
My thesis aims to advance the field of wildlife plastic ingestion research and 
conservation of vulnerable species (Figure 1.3). I will achieve this by conducting research 
along three themes: 1) science that drives forward our ability to detect, quantify and 
characterise plastics in the environment; 2) research that improves our understanding of the 
exposure, impacts and occurrence of plastics in wildlife, and 3) by developing approaches 
that can facilitate better (more cost-effective) conservation decisions in the face of 
uncertainty. This is important because for research to have a positive conservation impact, 
results must be translated into better management decisions. Research along these three 
themes align with the Canada Plastic Science Agenda (Environment and Climate Change 
Canada, 2019) and may support rapidly developing policy as governments take action to meet 
their commitments under the Ocean Plastic Charter.  
In Chapter 2, I advance our understanding of the distribution and composition of 
plastic pollution in a remote northern region of Canada, the Labrador Sea. The Labrador Sea 
is an understudied region where plastic pollution is predicted to be low – but is projected to 
increase because of increasing commercial activity and ocean circulation models that forecast 
the eventual formation of a plastic accumulation zone within the Arctic Polar Circle (Cózar et 
al., 2017). Using the Northern Fulmar, I establish a standardised baseline for marine plastic 
pollution by reporting patterns in plastic accumulation in Northern Fulmars across two years 
of study. The goals of this chapter are to illustrate the use of Northern Fulmar as a bio-
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monitor of plastic pollution in Canada, to compare plastic pollution in the Labrador Sea to 
other regions of the world, and to provide a baseline for future comparisons. 
Northern Fulmars are an ideal single species for characterising marine plastic 
pollution. However, to more broadly understand the exposure of wildlife to plastic pollution 
and the occurrence of plastic ingestion and its impacts, it is valuable to investigate plastic 
ingestion in novel species & regions, while using standardised approaches. In Chapter 3 I 
quantify and characterise plastic ingestion and potentially associated physical impacts in 
Dovekies (Alle alle), the most abundant seabird in the world, and an important food source 
for some northern communities in Greenland (Denlinger and Wohl, 2001; Mosbech et al., 
2018). This study reveals a likely source of plastic pollution and demonstrates how failure to 
follow best practices to quantify plastic loads, to identify plastic items, and quantify sub-
lethal effects from plastics (i.e., gastric lesions) can undermine the value and validity of 
results.  
Over the past decade, the number of studies documenting plastic ingestion in marine 
megafauna (e.g., marine mammals, seabirds, turtles, fishes) has accelerated (Provencher et 
al., 2017). Many of these studies aim to provide a baseline against which future levels of 
plastic ingestion can be compared, and are motivated by an underlying interest in the 
conservation of affected species. Although plastic ingestion research has helped to raise the 
profile of plastic as a pollutant of emerging concern by documenting the exposure 
experienced by wildlife, there is a disconnect between research examining plastic pollution 
and how that information might be used to design conservation interventions. In Chapter 4, I 
articulate the conceptual underpinnings of how plastic ingestion research can be 
operationalised to serve wildlife conservation by establishing a clearer understanding of how 
discoveries could be integrated into conservation and policy actions. I review challenges 
associated with quantifying higher-order impacts of plastic ingestion and consider how 
ingestion research could benefit wildlife conservation by prioritizing studies that (i) identify 
causal relationships between plastic load and demographic parameters that are likely to 
impact populations, (ii) improve our understanding of the factors that influence a species or 
population’s susceptibility to ingesting plastic, and (iii) evaluate strategies for mitigating 
impacts.  
In Chapter 5, I bridge the gap between individual baseline plastic ingestion studies 
and a broader understanding of plastic exposure and occurrences of plastic ingestion. I 
accomplish this by analysing 57 years of plastic ingestion data for seabirds, representing 
nearly 50,000 individuals, to identify key biological drivers of observed plastic ingestion that 
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are consistent across the broad phylogeny of seabirds: diet, foraging method, age class, or 
decade of study. Using these data, I estimate the fraction of individuals that are likely to have 
ingested plastic within each of 345 of 355 seabird species, including those for which 
empirical data have not yet been collected. To operationalise these results, I make 
recommendations for how the predictions can be used to direct baseline research towards 
understudied species that are likely to be highly vulnerable.  
Plastic pollution is one of many threats to marine organisms. The current uncertainty 
about how the complex interactions of physical and toxicological sub-lethal impacts will 
interact with other threats and translate to impacts at higher levels of organisation (e.g., 
species, communities) is unlikely ever to be fully resolved. Thus, while science is needed to 
quantify and characterise plastic pollution, and to understand wildlife exposure, plastic 
ingestion occurrence and impacts, we need approaches that can inform better monitoring & 
management decisions in the face of uncertainty (Field et al., 2004; Wilson et al., 2007). 
Decision science can help to prioritise actions for maximum benefit under uncertainty (i.e., 
cost-effectiveness analysis, value of information analysis) (Canessa et al., 2015; Joseph et al., 
2009; Moore and Runge, 2012; Runge et al., 2011). In Chapter 6, I illustrate that data 
uncertainty does not always preclude cost-effective decision making using a case study that 
prioritises resource allocation for threatened species recovery.  
Finally, in Chapter 7, I draw on my previous chapters to generalise and illustrate 
themes that emerge from my thesis and the major contributions of my research. I discuss key 
limitations and identify areas for future research.  
This thesis was written as 5 individual peer-reviewed publications, several of which 
have been published at the time of this thesis’ submission. The style and structure may vary, 
reflecting the requirements of different journals. While the chapters are best read in order, 
they stand upon their own merit. 
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Figure 1.3 The structure of this thesis focuses on research that characterises plastic pollution in the 
environment (1) and elucidates impacts on wildlife (2, 5), with consideration for how these results can 
be operationalised to inform decisions about monitoring and wildlife conservation (4), even when data 
is uncertain (6). Each numbered box corresponds to a chapter in my thesis. 
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2 An assessment of marine plastic pollution using the seabird 
Northern Fulmar (Fulmarus glacialis) as a biological 
monitoring species 
 
This chapter is reproduced from the following publication, with some minor changes:  
Avery-Gomm, S., Provencher, J.F., Liboiron, M., Poon, F.E., Smith, P.A. 2018. Plastic 
pollution in the Labrador Sea: An assessment using the seabird Northern Fulmar Fulmarus 
glacialis as a biological monitoring species. Marine Pollution Bulletin 127:817–822. 
https://doi.org/10.1016/j.marpolbul.2017.10.001 
 
 
2.1 Abstract 
Plastic is now one of the most pervasive pollutants on the planet, and ocean circulation 
models predict that the Arctic will become another accumulation zone. As solutions to 
address marine plastics emerge, it is essential that baselines are available to monitor progress 
towards targets. The Northern Fulmar (Fulmarus glacialis), a widely-distributed seabird 
species, has been used as a biological monitor for plastic pollution in the North Sea and could 
be a useful monitoring species elsewhere. We quantified plastic ingested by Northern 
Fulmars from the southeastern Canadian waters of the Labrador Sea with the objective of 
establishing a standardised baseline for future comparisons. Over two years we sampled 70 
birds and found that 79% had ingested plastic, with an average of 11.6 pieces or 0.151 g per 
bird. Overall, 34% of all Northern Fulmars exceeded the Ecological Quality Objective 
(EcoQO) for marine litter, having ingested > 0.1 g of plastic.  
 
2.2 Introduction 
Plastic is now one of the most pervasive pollutants on the planet and represents a 
significant ecological and economic concern (Derraik, 2002; UNEP, 2014; van Sebille et al., 
2015). To address this growing threat, numerous strategies and policies are emerging to 
reduce the creation of new plastics, divert plastic from entering the ocean via land and ships, 
and to clean up plastic that has already entered the marine environment (Braungart, 2013; C. 
M. Rochman et al., 2013a; Rochman, 2016; Song et al., 2009).  To gauge the effectiveness of 
these measures, it is essential to monitor the amount of plastic in the ocean. Existing methods 
for monitoring plastic pollution include beach surveys, at-sea sampling, and the use of 
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biological monitoring species (Ryan et al., 2009b). To evaluate trends in the amount and 
composition of marine plastic pollution in the future, it is essential to establish a baseline.  
Among available options, a relatively inexpensive strategy for monitoring plastic 
pollution involves examining the stomach contents of seabirds. Specifically, the Northern 
Fulmar (Fulmarus glacialis), a procellarid seabird with a circumpolar distribution (van 
Franeker and Meijboom, 2002) has been utilised since 2003 as part of an international 
program to monitor plastic pollution trends in the North Sea. This is primarily because 
Northern Fulmars ingest plastic at the ocean surface and tend not to regurgitate this plastic. 
Thus, the stomach content of a single bird integrates information about plastic pollution 
across the area in which they foraged over a period during which plastic is ground by the 
muscular stomach into particles small enough to pass into the intestines (Ryan, 2015a; van 
Franeker et al., 2011).  
Information about plastic ingested by Northern Fulmar in the North Sea is used to 
track progress towards the EcoQO for marine litter, which defines acceptable ecological 
quality as the situation where no more than 10% of birds exceed a level of 0.1 g of plastic in 
the stomach (OSPAR, 2008). The program, which has established the de facto standardised 
methods for data collection, has successfully detected a shift in the type of plastic pollution, 
as well as regional differences in marine plastic pollution, which are corroborated by beach 
and at-sea surveys (van Franeker and the SNS Fulmar Study Group, 2013). This demonstrates 
the utility of Northern Fulmars as a biological monitoring species (van Franeker et al., 2011; 
van Franeker and Law, 2015). Although there are currently no formal programs using 
Northern Fulmar to monitor plastic pollution outside the North Sea, this species has also been 
used to evaluate and compare levels of plastic pollution in regions such as the eastern North 
Pacific, the Canadian Arctic, Atlantic Canada, Svalbard and Iceland (Avery-Gomm et al., 
2012; Bond et al., 2014; Donnelly-Greenan et al., 2014; Kühn and van Franeker, 2012; 
Mallory, 2006, 2008; Poon et al., 2017; Provencher et al., 2009, 2015; Terepocki et al., 2017; 
Trevail et al., 2015).  
In Canada, standardised information on plastic ingestion is available for Northern 
Fulmars from the Arctic (Poon et al., 2017) and the Sable Island area (Bond et al., 2014), but 
there are no data for the Labrador Sea in between these two locations. The only published 
plastic studies in the Labrador Sea to date have been whale entanglement reports from the 
1970s (Perkins and Beamish, 1979). The Labrador Sea is located between the northwestern 
coast of Greenland and the northeastern coast of Canada and provides important habitat for 
many marine species including seabirds (Fifield et al., 2017; Frederiksen et al., 2012; 
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Huettmann and Diamond, 2000; Jessopp et al., 2013). The region also supports commercial 
fisheries for northern shrimp (Pandalus borealis) and snow crab (Chionoecetes opilio; 
Marine Resources Service United Nations, 2005). A recent Ecosystem Services Valuation in 
the Labrador Sea estimated the value of the ecosystem to the local economy at $1.3 billion 
CAD per year (Levin 2017), signifying how critical the health of this marine environment is 
to the region.  
Due to a small human footprint in the surrounding coastal areas and the marine 
environment (Halpern et al., 2008; Venter et al., 2016), we hypothesise that the Labrador Sea 
has low levels of plastic pollution. However, the rapid loss of sea ice due to climate change 
and an increase in commercial activities make the area vulnerable to increasing plastic 
pollution (Eguíluz et al., 2016; Smith and Stephenson, 2013). The increasing vulnerability of 
the region, together with emerging research indicating a significant deposition of plastic 
pollution to the Greenland and Barents Sea from southern latitudes via the North Atlantic 
branch of the Thermohaline Circulation (Cózar et al., 2017), underscores the need to establish 
a point of comparison for future studies of plastic pollution in the Labrador Sea.  
The objective of this paper is to evaluate how plastic ingestion in Northern Fulmar 
from the Labrador Sea compares with other regions, according to internationally standardised 
methods. This study describes patterns in plastic accumulation in Northern Fulmars between 
sampling year, age, sex, condition and breeding status and most importantly, provides 
baseline information that could be used to understand trends in plastic pollution in the 
western North Atlantic.  
 
2.3 Methods 
Most of the western Atlantic Northern Fulmar population breed at large colonies in 
the Canadian Arctic and Greenland. A small number of Northern Fulmar breed in 
Newfoundland and Labrador (Mallory et al., 2012). A total of 70 Northern Fulmars were shot 
at sea by local hunters on board a vessel within 100 km from the eastern shore of Labrador in 
mid-July in 2014 and 2015 (Figure 2.1). In all cases, birds were retrieved from the sea surface 
within 5 minutes of being shot and frozen immediately until they could be processed in the 
laboratory. A standardised dissection protocol was followed to assess sex, age, and body 
condition (van Franeker et al., 2011). Plumage colour phase and breeding status were 
recorded because it may be indicative of the origin of the birds (van Franeker, 2004; van 
Franeker et al., 2011).  
 In the laboratory, the stomachs (proventriculus and gizzard) of each bird were 
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removed, opened and washed over a 1mm sieve. Plastics were separated from organic and 
non-organic matter under both dissecting and compound microscopes (Hidalgo-Ruz et al., 
2012) and left to air dry for several days. To reduce contamination samples were air-dried on 
a paper filter in a fume hood. Type was categorised as industrial plastics (small virgin plastic 
pellets which are the raw granular stock used to manufacture plastic products), ‘user’ plastics 
which include fragments, sheets, threads and foam or ‘other’ (i.e., wax, rubber, metal) 
following standardised protocols for Northern Fulmar (Provencher et al., 2017; van Franeker 
et al., 2011). Quantifying microbeads and microfibers was beyond the scope of this 
methodology. For each piece of plastic, the mass was recorded using electronic Sartorius 
weighing scales to an accuracy of ± 0.0001 g. Length and width were measured using digital 
callipers (accurate to 0.01 mm) so that pieces could be classified as macro- (>20–100 mm), 
meso- (>5–20 mm) or micro-plastics (1–5 mm; Barnes et al., 2009). The dominant colour of 
each plastic piece was recorded using a Munsell colour chart for reference.   
For each bird, the total number of ingested plastic pieces and the total mass of 
ingested plastics were recorded (items classified as ‘other’ were excluded). Across all 
samples, the frequency of occurrence of plastic ingestion was calculated as the proportion of 
Northern Fulmar that ingested plastic and values are presented with upper and lower 
confidence intervals (Provencher et al., 2017). Confidence intervals were calculated using the 
Jeffreys method, which is appropriate for proportions with small sample sizes (Brown et al., 
2001). To evaluate whether plastic pollution in the Labrador Sea meets or exceeds the North 
Sea EcoQO, the proportion of Northern Fulmars to have ingested > 0.1 g of plastic was 
calculated (van Franeker et al., 2011). 
Statistical analysis was done in R 3.3.2 (R Core Team, 2016). Following recommend 
methods for quantifying ingested plastics (Provencher et al., 2017), we included all 
individuals in each analysis (i.e., including birds without ingested plastic) and present 
summary data as the arithmetic mean ± standard deviation. We analyzed the frequency of 
plastic ingestion among Northern Fulmars using characterise Linear Models (GzLM) with 
age (adult or immature), sex, condition index, breeding status and year as predictors 
(binomial distribution with logit link; McCullagh and Nelder, 1989). These same predictors 
were used to examine the total number of plastics ingested by each bird using a GzLM with a 
negative binomial distribution with a log link, to account for the high occurrence of zero 
counts (O’Hara and Kotze, 2010). Post-hoc comparisons of fixed effects within these models 
were computed using Wald’s Chi-squared test and are presented with χ2-values, degrees of 
freedom and p-values (Ver Hoef and Boveng, 2007). We verified that our models were not 
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overdispersed by ensuring that the ratio of the residual deviance over residual degrees of 
freedom was ~ 1 (Venables and Ripley, 2013). A General Linear Model (GLM) was used to 
test for an effect of these predictors on the mass of plastic ingested. All effects were 
considered significant when p < 0.05. The purpose of this study is to provide a benchmark for 
plastic ingestion in the Labrador Sea; we therefore report plastic metrics for the pooled 
sample (n = 70) and provide raw data in the supplementary materials. The arithmetic means 
(± SD) and geometric means for number of ingested plastic pieces and mass are reported for 
the full sample size (n = 70). 
Figure 2.1 Locations where Northern Fulmars were collected in the southern Labrador Sea for the 
current study (<) and locations of previous plastic ingestion studies (¡). Numbers correspond to 
locations and references in Figure 2.2.  
 
2.4 Results 
A total of 39 Northern Fulmars were collected in 2014, and 31 were collected in 2015. 
Necropsy revealed that in 2014, our sample included 32 adults and 7 immature birds. In 2015, 
29 of the sampled birds were adults, and the remainder were immature. The sex ratio for 2014 
and 2015 was 29 males:10 females and 18 males:13 females, respectively. The colour morph 
of Northern Fulmars in both years was 97% double light (LL) and 3% dark (D). Examination 
of the condition of the pectoral muscle, subcutaneous and intestinal fat stores revealed that 
96% of birds were in moderate or good body condition. Birds were collected in mid-July, 
which corresponds to the egg hatching phase (Mallory et al., 2012). Based on the 
development of the brood patch and gonads, we assessed that 21% of Northern Fulmars in 
2014 and 68% of those collected in 2015 were non-breeders. Those classified as breeders 
7 
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may have been actively breeding, or recently failed breeders (46% in 2014, 32% in 2015). 
Northern Fulmar which could not be assigned to either group were classified as unknown.   
Across both years, plastic was found in the stomachs of 79% of Northern Fulmars 
(Table 2.1). The average number of ingested plastic pieces was 11.61 ± 21.63 SD pieces per 
bird (range 0-135 pieces), and the average mass was 0.151 ± 0.257 g SD (range 0 - 1.50 g). 
The geometric mean was 0.37 pieces of and 0.010 g of ingested plastic. Overall, 34% of all 
Northern Fulmars exceeded the EcoQO performance target, having ingested >0.1 g of plastic. 
We investigated whether age, sex, overall condition, breeding status or year predicted the 
likelihood that Northern Fulmars ingested plastic or the amount of plastic they would ingest 
(total number, total mass). The frequency of occurrence of plastic ingestion was significantly 
higher in the birds collected in 2015 than it was in birds collected in 2014 (χ21 = 4.46, p = 
0.035, n = 70), as was the number of pieces of plastic ingested (χ21 = 6.08, p = 0.014, n = 70). 
However, there was no significant difference in the mass of ingested plastic ingested by 
Northern Fulmars across years (χ21 = 0.74, p = 0.81, n = 68). We detected no effect of age, 
sex, body condition index or breeding status on the frequency of occurrence of plastic 
ingestion, the number of pieces ingested or the mass of plastic (p > 0.5, n = 70). These results 
were robust to the removal of an outlier. 
Of the 921 pieces of plastic ingested by Northern Fulmars in our sample, 7% were 
industrial plastics. The remaining 93% were fragments (52%), threads (18%), sheets (9%) 
foam (2%) or other (10%) which includes non-plastic anthropogenic items (e.g., rubber, wax; 
Table 2.2). Ingested plastics were predominantly microplastics (1–5 mm, 52%) and 
mesoplastics (5–20 mm; 47%) with only 10 ingested macroplastics (> 20mm; 1%). The 
ingested plastics were yellow (29%), white (26%), green (9%), brown (9%), black (6%), tan 
(5%), clear (5%) and other colours including gray, pink, orange, blue, red and purple. In 
2014, most ingested plastics (n = 263) were found in the gizzard (87%). This was not 
evaluated in 2015. For the purposes of future comparisons, raw and summary data are 
provided as supplementary materials.  
 
2.5 Discussion 
Increasing plastic pollution is expected in the Arctic and Labrador sea due to rapid 
loss of sea ice due to climate change, and an increase in commercial activities (Eguíluz et al., 
2016; Smith and Stephenson, 2013). This paper provides information that can be used to 
understand trends in plastic pollution in the western North Atlantic and discusses how plastic 
 47 
ingestion in Northern Fulmar from the Labrador Sea compares to other regions for which data 
have been reported.  We found that 79% of Northern Fulmars had ingested plastics. Ingested 
items were primarily broken down pieces of consumer, commercial or industrial goods 1-20 
mm in size. Although the composition of plastic pollution has not been sampled in the surface 
waters of the Labrador Sea, this is consistent with the composition of plastics recently 
described from the at-sea sampling of plastics in the Arctic (Cózar et al., 2017). A low 
proportion of industrial plastics supports earlier findings which suggest a global shift in the 
composition of marine plastics (Ryan, 2008; van Franeker and Law, 2015; Vlietstra and 
Parga, 2002). 
We detected no effect of age, sex, condition or breeding status on plastic ingestion, 
which is consistent with the findings of others who have examined Northern Fulmar in the 
western Atlantic (Bond et al., 2014; Poon et al., 2017). We found that Northern Fulmars 
collected in 2015 were more likely to ingest plastic than birds in 2014 (Table 2.1) and 
ingested more pieces of plastic. Although inter-annual variation in plastic ingestion may 
reflect fluctuations in the abundance of plastic pollution, this difference between years could 
also be due to inter-annual differences in the foraging habits of Northern Fulmars (e.g., 
changing prey availability or foraging distribution). Best practices for using Northern 
Fulmars as biological monitors recommend pooling samples across 5 years to generate a 
baseline, and that trends be evaluated based on a running 5-year average (van Franeker et al., 
2011). This is especially important when plastic ingestion data from Northern Fulmars will be 
used to inform policy decisions.  
 By comparing our results to other regions where plastic ingestion in Northern Fulmars 
has been evaluated in a standardised way, we show that Northern Fulmars in the Labrador 
Sea ingest more plastic than those in the Canadian Arctic, ~2600 km to the north (Mallory, 
2008, 2006; Poon et al., 2017; Provencher et al., 2009), but less than those collected at Sable 
Island ~2000 km to the south (Figure 2.2; Bond et al., 2014). This is consistent with several 
earlier studies that show a negative relationship between Northern Fulmar plastic loads, 
latitude, and distance from human marine impact (Nevins et al., 2011; Provencher et al., 
2017), although it is worth noting that this trend is not universal (E.g., Trevail et al., 2015). A 
comparison with the broader literature indicates that plastic ingestion in the Labrador Sea is 
lower than many other regions in the Atlantic and Pacific (Figure 2.2), suggesting that levels 
of plastic pollution may also be lower. However, despite the low human footprint, the 
Labrador Sea does not meet the EcoQO marine litter target for acceptable ecological quality 
(OSPAR, 2008). 
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There are two factors that are important to consider when ascertaining how well 
Northern Fulmar stomach contents represent the plastic pollution levels in the area where the 
birds were collected: how long after ingestion plastic items are retained in the animals’ 
digestive tracts and the foraging range of birds during that period. For the stomach contents 
of the Northern Fulmars sampled in this study to represent plastic pollution in the Labrador 
Sea specifically, we must assume that the birds primarily foraged in this region over the 
period during which the ingested plastic is mechanically degraded in the muscular gizzard.  
Importantly, the distance that a bird may cover during the summer is influenced by its 
breeding status. As colonial nesting seabirds, the distance breeding Northern Fulmars can 
travel is constrained because both partners participate in incubation, brooding and feeding the 
chick (Mallory, 2009). The maximum range for foraging trips during the breeding season is 
580 km (Thaxter et al., 2012) although at least one longer trip has been recorded (Edwards et 
al., 2013). The Northern Fulmars in this study were collected in mid-July, which corresponds 
to the egg hatching phase of the breeding cycle (Mallory et al., 2012). It was not possible to 
distinguish between active breeders and failed breeders based on brood patch and gonad 
development, but for birds that were actively breeding, it is likely that they originated from 
Greenland based on their colour morphs (Gaston et al., 2006). Failed breeders or non-
breeding individuals may travel much greater distances in pursuit of foraging opportunities 
(Edwards et al., 2013; Falk and Møller, 1995; Mallory, 2006). For example, non-breeding 
Northern Fulmar from the Northeast Atlantic (e.g., Iceland and the North Sea) have been 
found to travel as far west as the Labrador Sea and as far south as Sable Island, Nova Scotia, 
Canada (Lyngs, 2003; Mallory et al., 2012). Therefore, the stomach contents of some 
proportion of Northern Fulmars sampled in the western North Atlantic may reflect plastics 
that birds ingested in more polluted regions of the eastern North Atlantic. If so, plastic 
pollution in the Labrador Sea may be lower than is indicated by observed levels of plastic 
ingestion.   
At present, the retention time of ingested plastic has not been experimentally studied 
for Northern Fulmar. We found some plastics in the proventriculus, indicating recent 
ingestion (within days), though most ingested plastics were in the small muscular gizzard. 
The available evidence for seabirds from the Order Procellariform is conflicting with some 
studies suggesting that ingested plastics may be retained in the gizzard for 1 to 12 months, 
with an average of 4 months being likely (Provencher et al., 2017; van Franeker and Law, 
2015), and others suggesting a much longer time frame (Ryan, 2015a). If retention times are 
protracted, then the area over which Northern Fulmar potentially foraged increases – and our 
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results are better interpreted as integrating information about plastic pollution for the western 
North Atlantic, rather the Labrador Sea specifically. Future studies directly measuring the 
retention times of plastic particles in the stomachs of Northern Fulmars would resolve 
uncertainty about the potential foraging area of sampled birds and so improve the 
interpretation of past and future plastic ingestion data as an indicator of environmental 
pollution.  
 
2.6 Conclusion 
This study, which has sampled 70 birds over two years according to standardised 
protocols, describes levels of plastic ingestion for Northern Fulmar collected in the Labrador 
Sea and provides new information about plastic pollution in the western North Atlantic. Our 
results indicate plastic pollution in the region is among the lowest in the world (Figure 2.2) 
but is likely higher than other regions of the western North Atlantic. This should be viewed as 
a liberal estimate. The overall value of Northern Fulmar as biological monitors could be 
improved by measuring the retention time of ingested plastics. Multi-colony tracking studies 
that establish the origins and movements of breeding and non-breeding Northern Fulmar in 
the Labrador Sea could improve the interpretation of plastic ingestion data, as well as having 
numerous other benefits (e.g., Fort et al., 2013).  
Plastic pollution in the western North Atlantic is predicted to become an issue in the 
future. This is due to in part to increasing commercial activity, to local sources of plastic 
pollution, and to the transport of plastic pollution from southern latitudes via the North 
Atlantic branch of the Thermohaline Circulation (Cózar et al., 2017). Ocean circulation 
models now predict the eventual formation of a plastic accumulation zone within the Arctic 
Polar Circle (Cózar et al., 2017). Addressing plastic pollution will require both global (e.g., 
Borrelle et al., 2017) and local solutions (e.g., waste management) be addressed. We also 
recommend that a formal monitoring program for plastic pollution is established in the 
western North Atlantic using Northern Fulmar as a biological monitor, as has been done in 
the North Sea. Such a program would provide a means to evaluate the success of plastic 
pollution mitigation efforts and progress towards environmental targets such as the EcoQO 
(OSPAR, 2008).  
 50 
 
Figure 2.2 Comparison of this study’s EcoQO results in the south-eastern Labrador Sea to Northern 
Fulmar studies undertaken since 2000 in other regions of the northern hemisphere including the 
western North Atlantic (1. Mallory 2008; 2. Provencher et al., 2009, Poon et al., 2017; 3. Mallory et 
al., 2006; 4. Provencher et al., 2009; 5. Avery-Gomm et al., 2017; 6. Bond et al., 2014), the eastern 
North Atlantic (7. Trevail et al., 2015; 8. Kuhn and van Franeker 2012; 9,13. van Franeker et al., 
2013; 10-12, 14,15. van Franeker et al., 2011), and the eastern North Pacific (16,19. Nevins et al., 
2011; 17-18. Avery-Gomm et al., 2012). The EcoQO for marine litter defines acceptable ecological 
quality as the situation where no more than 10% of Northern Fulmars exceed a critical level of 0.1 g 
of plastic in the stomach. 
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Table 2.1 The frequency of plastic ingestion (± 95% CI), EcoQO, mass (g), and number of plastic particles in the stomachs of Northern Fulmars (Fulmarus 
glacialis) collected in the Labrador Sea in 2014 and 2015 are reported with arithmetic and geometric means and standard deviations, following standardised 
recommendations (van Franeker et al. 2011, Provencher et al. 2017). Although annual metrics are reported, results are pooled for baseline purposes.  
 
 
 
 
 
 
 
 
Table 2.2 The mass (g) and dimensions (mm) of ingested plastics are reported with min, max, median, and mean ± standard deviation for each type of plastic 
and all plastics pooled. 
 
Type N % 
Mass (g)  Length (mm)  Width (mm) 
Min Max Median Mean ± SD 
 
Min Max Median Mean ± SD 
 
Min Max Median Mean ± SD 
Foam 27 3 > 0.0001 0.065 0.004 0.009 ± 0.015  1.40 15.90 3.40 4.31 ± 3.13  0.90 6.50 1.90 2.42 ± 1.55 
Fragment 469 51.8 > 0.0001 0.355 0.007 0.015 ± 0.028  0.40 36.50 5.20 5.68 ± 3.57  0.00 18.20 2.00 2.51 ± 2.29 
Industrial 67 7.4    0.0002 0.062 0.025 0.025 ± 0.012  2.20 6.60 4.20 4.25 ± 0.77  1.80 5.30 3.20 3.24 ± 0.72 
Other 93 10.3 > 0.0001 0.169 0.004 0.008 ± 0.020  0.90 18.70 4.00 4.30 ± 2.51  0.40 5.00 2.20 2.33 ± 1.04 
Sheet 86 9.5 > 0.0001 0.014 0.004 0.004 ± 0.002  1.40 19.00 4.85 5.56 ± 3.31  0.10 7.50 2.60 2.76 ± 1.50 
Thread 164 18.1 > 0.0001 0.691 0.003 0.009 ± 0.054  1.60 42.40 8.00 8.93 ± 4.99  0.10 19.50 0.40 1.26 ± 2.41 
Pooled 906 - > 0.0001 0.691 0.005 0.013 ± 0.032  0.40 42.40 5.10 5.98 ± 3.92  0.00 19.50 2.00 2.33 ± 2.12 
  Frequency of plastic ingestion 
 
Mass (g) 
 
Over 
0.1 g 
EcoQO 
Number of Ingested Plastics 
 N % Lower 95% CI 
Upper 
95% CI Mean  ± SD 
Geometric 
Mean  Range Mean  ± SD 
Geometric 
Mean Range 
2014 39 64 48 78  0.114 ± 0.002 0.002  0 - 0.879 28 5.9 ± 10.8 0  0 - 48 
2015 31 97 86 100  0.198 ± 0.311 0.063  0 - 1.496 42 18.7 ± 28.9 5.6  0 - 135 
Pooled 70 79 68 87  0.151 ± 0.274 0.010  0 - 1.496 34 11.6 ± 21.6 0.4  0 - 135 
 53 
3 A study of wrecked Dovekies Alle alle highlights the 
importance of using standardised methods to quantify plastic 
ingestion 
 
This chapter is reproduced from the following publication:  
Avery-Gomm S., Valliant M, Schacter C.R., Robbins K.F., Liboiron M., Daoust P.-Y., Rios 
L.M., Jones I.L. 2016. A study of wrecked Dovekies (Alle alle) in the western North Atlantic 
highlights the importance of using standardised methods to quantify plastic ingestion. Marine 
Pollution Bulletin 113:75–80. https://doi.org/10.1016%2Fj.marpolbul.2016.08.062 
 
3.1 Abstract 
Quantification of plastic ingestion across a range of seabirds is required to assess the 
prevalence of plastics in marine food webs. We used standardised methods (van Franeker, 
2004) to quantify plastic ingestion in Dovekies (Alle alle) collected following a wreck in 
Newfoundland, Canada. Of 171 birds, 30.4% had ingested plastic (mean 0.81± 3.9 SD pieces 
per bird, mass 0.005 ± 0.028 SD g per bird). Most ingested plastics were fragments of 
polyethene and polypropylene. Surprisingly, 37% were burned or melted, indicating a 
previously unreported source of ingested plastics (incinerated waste). We found no 
correlation between Dovekie body condition and plastic ingestion. Several areas of gastric 
discoloration thought to be lesions or ulcers were not clinically significant, underlying the 
importance of using histological techniques to rigorously identify internal lesions. We also 
highlight the importance of using standardised methods to facilitate temporal and 
geographical comparisons between studies.  
 
 
3.2 Introduction 
Marine plastic pollution is an emerging contaminant that has gained global attention in 
recent years (UNEP, 2014). A recent study estimates that in 2014, the number of 
microplastics (i.e., < 5mm) floating in the world’s oceans ranges from 15 trillion to 51 trillion 
pieces (van Sebille et al., 2015). Plastics may be ingested by a diverse range of marine 
organisms, including zooplankton, fish, birds and marine mammals (STAP, 2011). Among 
seabirds, a reported 59% of all species have been documented to ingest plastic, and by 2050, 
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it is predicted that 99% of pelagic seabird species will be subject to plastic ingestion (Wilcox 
et al., 2015). Ingested plastics are sometimes correlated with injuries including lacerations 
and ulcers, but a direct cause and effect relationship between the ingestion of plastics and 
injury is unclear (Fry et al., 1987; Pierce et al., 2004). Of greater concern may be the 
emerging research which suggests that ingested plastics act as a vector for contaminant 
transfer into marine food webs (Mato et al., 2001; Rochman et al., 2013b; Tanaka et al., 
2013). At present, the ultimate consequences of plastic ingestion on seabird individuals and 
populations are not well understood.  
One of the key seabird species used to monitor marine plastics is the Northern Fulmar 
(Fulmarus glacialis; OSPAR, 2008; MSFD-TSGML, 2013). Northern Fulmars are an ideal 
biological monitoring species, but to assess the pervasiveness of plastic ingestion among 
seabirds generally, it is important to quantify characteristics of plastic ingestion across a 
range of species (Moser and Lee, 1992; Avery-Gomm et al., 2013; Provencher et al., 2014) 
using standardised methods (van Franeker et al., 2011). For plastic ingestion studies, samples 
are obtained from three sources: a purposeful collection of live individuals at sea, bycatch in 
fisheries, and beach cast birds which occasionally occur as large wrecking events involving 
hundreds to thousands of individuals. None of these approaches is without sampling biases, 
but taken together may be representative of plastic ingestion in the broader population.  
Here we quantified the frequency and characteristics of plastics ingestion in a small 
pursuit-diving planktivorous seabird, Dovekies (Alle alle), following a ‘wrecking event’ in 
eastern Newfoundland, Canada (Stenhouse and Montevecchi, 1996). Dovekies breed in 
massive colonies in Russia, Norway and Greenland (Montevecchi and Stenhouse, 2002) 
where they are a valued food source (Denlinger and Wohl, 2001) and are abundant in the 
non-breeding season off eastern Newfoundland from coastal areas to far offshore areas such 
as the Grand Banks (Fifield et al., 2009; Fort et al., 2013; Montevecchi and Stenhouse, 2002). 
Using a standardised laboratory method (van Franeker et al., 2011), we quantified physical 
and polymer characteristics of ingested plastics and attempted to infer possible sources of this 
pollution. We tested for an association between Dovekie body condition and plastic ingestion, 
and whether there was evidence that ingested plastics may have caused gastric lacerations or 
ulcers - two commonly mentioned, but rarely quantified, impacts of plastic ingestion. Finally, 
we compared our results to other published and unpublished results for Dovekies from the 
region, highlighting the necessity of using standardised methods when reporting plastic 
ingestion.  
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3.3 Methods 
On 12-13th January 2013, thousands of Dovekies were observed in the inshore waters of 
Conception Bay, Newfoundland, following northerly gale force winds caused by a deep low-
pressure system centred ~100 km to the east on the night of January 11-12, 2013 
(Environment Canada, 2013). Conception Bay forms a natural north-facing funnel that 
periodically concentrates pelagic seabird species during strong northerly winds (most 
frequently Leach’s Storm-petrels, Oceanodroma leucorhoa). On January 12-13th, in 
conditions of 28 km/hour, onshore winds and 0ºC temperature with heavy drizzle, large 
numbers of Dovekies were observed washing up on Holyrood beach at the southernmost 
point of Conception bay (47°23'9.95"N 53° 7'59.44"W; Figure 3.1). Hundreds of Dovekies in 
living but weakened condition were present on the sea near Holyrood beach, and hundreds 
were flying inland in small flocks, some crashing into the coniferous forest south of the 
beach. Two living birds were observed grounded on the ice of nearby ponds, and two 
flattened carcasses were found inland 5 km S of Holyrood on a paved road. Approximately 
10% of the carcasses had debris (pulverised seaweed and wood fragments, balsam fir needles 
etc.) in their mouth cavity, similar to material cast on the beach and in the surf. During this 
wrecking event, a total of 230 freshly dead and apparently emaciated Dovekies were 
collected. Dovekie carcasses were immediately brought to the lab, where they were washed, 
individually bagged and frozen. 
Of the 230 birds collected during the wrecking event, 181 were used in this study. For a 
subset of 10 randomly selected Dovekies, veterinary pathologist Dr Laura Rogers at the 
Animal Health Division of the Newfoundland Forestry and Agrifoods Agency independently 
assessed the cause of death. Body condition is an important determinant of an animal’s health 
and was assessed for the remaining 171 Dovekies following protocols described by van 
Franeker (2004). In brief, subcutaneous fat, intestinal fat and the condition of pectoral 
muscles were scored from 0 – 3 and the body condition index was the sum of these scores. 
Sex was determined genetically by sending  ~1 g of pectoral muscle tissue from each bird to 
the Genomics and Proteomics Facility of the CREAIT Network, Memorial University of 
Newfoundland (Fridolfsson and Ellegren, 1999). Age was recorded as juvenile or 
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subadult/adult (> 1 year) based on the development of the suborbital ridge (Anonymous, 
2013; Rosing-Asvid et al., 2013).  
 
Figure 3.1. Locations of key sites in Newfoundland, Canada, where Dovekies were sampled for the 
present study and other studies referred to in Table 3.1. The dark grey area indicates Multisensor 
Analyzed Sea Ice Extent for January 12, 2013, obtained from the National Snow and Ice Data Centre. 
Map projection: Canada Albers equal-area conic. 
 
For each bird, the proventriculus and gizzard (the ‘stomach’) were removed for content 
analysis following the standardised protocol for assessing plastic ingestion (van Franeker, 
2004). Both the proventriculus and gizzard were opened along their length, and their contents 
were flushed out over a 1.0 mm mesh sieve, and then transferred to a petri dish for sorting 
under a dissecting microscope. Plastic items were separated from other ingested matter 
visually under a compound microscope (Hidalgo-Ruz et al., 2012) and air-dried for 5 days 
until they reached a constant mass. After being rinsed, the interior surfaces of the 
proventriculus and gizzard were examined under a dissecting microscope for evidence of 
lesions (abnormalities) such as lacerations, erosions, or ulcers. Lacerations were recognised 
as cuts or punctures, erosions as decreased thickness, and ulcers as complete loss, of a portion 
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of the mucosa (mucous membrane). Stomachs visually assessed to have lesions were fixed in 
10% buffered formalin. Following standard histological methods, samples were embedded in 
paraffin, and 5-µ-thick sections were stained with hematoxylin and eosin. These were then 
examined by compound microscopy to better characterise the lesions.  
For each bird, the total mass of ingested plastic was measured using an analytical scale 
(accurate to 0.0001 g), and the number of ingested plastic items was recorded. The frequency 
of occurrence of plastic ingestion is reported as the proportion of sampled Dovekies found to 
have ingested plastic, and arithmetic means (± SD) for the number of ingested plastic and 
mass are reported for the full sample size (n = 171). We also report the standard error (± SE) 
and the 95% confidence interval to be consistent with recommended best practices for 
reporting plastic ingestion data (Provencher et al., 2019). Confidence intervals were 
calculated using the Jeffreys method, which is appropriate for proportions with small sample 
sizes (Brown et al., 2001).  Individual plastic items were categorised as industrial plastic 
(small virgin plastic pellets, or ‘nurdles’) or user plastic (e.g., fragments, sheets, threads, 
foam) according to standardised practices (van Franeker, 2004). Additionally, the dimensions 
of each piece were measured using digital callipers (accurate to 0.01 mm), and the colour was 
recorded. To determine the type of synthetic polymers being ingested by Dovekies, samples 
were analyzed using Fourier transform infrared spectroscopic (FT-IR), a Nicolet IR 2000 FT-
IR spectrometer equipped with ZnSe crystal (Rios and Jones, 2015). The positive 
identification of each polymer was made using virgin plastic resin pellets as standards. The 
polymer matching reference spectrum was accepted at 60-85%. 
Age- and sex-related differences in the prevalence and number of ingested plastics were 
tested by using Generalised Linear Models with logit and negative binomial distributions, 
respectively.  Post-hoc comparisons of fixed effects within this model are presented with χ2-
values, degrees of freedom, and p-values. To determine if the mass of ingested plastics 
differed significantly between males and females or age groups, the non-parametric Kruskal-
Wallis test was used due to the high proportion of zeros that skewed the distribution of the 
data. We tested for a significant correlation between the body condition index and number or 
mass of ingested plastic using a Pearson’s product moment correlation coefficient. A 
Pearson’s Chi-squared test was used to test for an association between plastic ingestion and 
the presence of gastric ulcers and other lesions. Statistical analyses were conducted using 
packages ‘car’ (Fox and Weisberg, 2011) and ‘MASS’ (Venables and Ripley, 2002) in R 
version 3.1.1 (R Core Team, 2014). 
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3.4 Results  
The 10 birds independently necropsied at the Animal Health Division, NL Forestry and 
Agrifoods Agency all had atrophied pectoral muscles, no visible subcutaneous or visceral fat 
and no evidence of trauma, indicating that these birds died of starvation (L. Rogers 2013, 
pers. comm, December 2). This was consistent with our own assessment of body condition, as 
all of the Dovekies that were examined scored as ‘mortally emaciated’ based on a significant 
reduction in pectoral muscle mass and fat reserves (n = 171). The age ratio of Dovekies was 
24 juvenile: 147 subadults/adults and the sex ratio was 51 female: 62 male: 58 unknowns 
(slightly male-biased, Binomial p = 0.44). 
Plastic debris was found in the stomachs of 30.4% Dovekies (52/171; Table 3.1). The 
mean number of plastic items ingested was 0.81 ± 3.90 SD pieces per bird (95% CI: 0.74 – 
0.86; range 0 - 50). The mean mass of ingested plastic was 0.005 ± 0.03 SD g per bird (95% 
CI: 0.0004 – 0.025; range 0 g - 0.27 g).  For known-sex birds (n = 113), we tested for age- 
and sex-related differences in the prevalence, number and mass of ingested plastics. We 
found no significant difference in any of these metrics of plastic between males and females 
or juvenile and subadult/adult, and no significant interaction terms (p > 0.5). These results 
were robust to the removal of outliers. 
For all ingested plastic items (n = 142) the mean (+ SD) mass was 0.006 ± 0.03 g, while 
mean length, width, and height were 5.19 ± 4.18 mm, 2.1 ± 1.46 mm, and 0.68 ± 0.88 mm, 
respectively. Only one piece of plastic was an industrial pre-production pellet (a nurdle, 
0.7%). The remaining 141 items were fragments (42.3%), sheet or film plastic (30.1%), or 
threads (26.1%; Figure 3.2a). The colours of ingested plastics were predominantly black 
(25.4%) and brown (19.7%), followed by white (14.8%), green (14.1%), clear (11.3%) and 
various other colours such as grey, red, tan and yellow. 37.3% of the plastics showed 
evidence of being recently burned or melted. The FT-IR analysis showed that the primary 
synthetic polymer in the samples was polyethene (77.6%), although polypropylene was also 
prevalent (20.9%). Polyvinyl chloride (PVC) and Nylon 6.6 were also found (0.7% for both 
polymers).  
Areas of dark discolouration of the inner surface of the stomach (proventriculus and 
gizzard) were observed macroscopically in 14.6% of Dovekies (Figure 3.2b). Although 
samples were adequately preserved for histological evaluation when observed 
microscopically none of the areas of discolouration qualified as an ulcer (defined as complete 
loss of a portion of the mucosa, including koilin and glandular portion). The only changes 
associated with the areas of discolouration included focal loss of the koilin and possible 
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decreased thickness (erosion) of the glandular portion of the mucosa, with no associated 
haemorrhage, inflammation or fibrosis of repair.  The exact cause of these changes could not 
be determined, but none were clinically significant.  The absence of ulcers negated the need 
for analysis of the relationship between ulcers and plastics, and we did not detect a significant 
relationship between ingestion of plastic and presence of other lesions (p > 0.05).  There was 
no significant correlation between our body condition index and number of items of plastic 
ingested (Pearson’s correlation coefficient; t = -0.954, df = 136, p = 0.34), or mass of plastic 
ingested (t = 0.66, df = 169, p = 0.51).  
 
 
Figure 3.2 (A) The majority of user plastics ingested by Dovekies in Newfoundland included 
fragments, sheet plastic, and threads plastics, 37.3% of which were burned or melted. (B) An area of 
discolouration on the inner surface of a Dovekie stomach that could easily be misidentified as an 
ulcer. 
 
3.5 Discussion 
In the present study, we found that 30.4% of Dovekies had ingested plastic. Although 
overall the number and mass of plastics ingested by Dovekies was small (Table 3.1), the 
prevalence of plastic ingestion was much higher than in other alcid species in Newfoundland 
(Bond et al., 2013; Muzaffar, 2009; Provencher et al., 2014), including Common Murre (Uria 
aalga, 7%), Thick-billed Murre (U. lomvia, 0%), Razorbills (Alca torda, 0%), or Atlantic 
Puffins (Fratercula arctica, 7%). This difference may be related to the difference in the 
average size of prey items between small-bodied Dovekies and these larger-bodied alcids, 
which feed primarily on small fish. Dovekies, in contrast, forage by pursuit diving for 
zooplankton, mostly for copepods (Calanus spp.), amphipods (Themisto spp.), krill 
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(Thysanoessa raschii) and larval Arctic cod (Arctogadus glacialis; Gaston and Jones, 1998; 
Montevecchi and Stenhouse, 2002).  Dovekies may have directly ingested plastics, or these 
birds may have indirectly ingested plastic via prey (e.g., small fish) that had ingested plastic 
beforehand. This kind of ‘secondary ingestion’ has been suggested previously for Pacific 
alcids (Robards et al., 1995). All Dovekies in this study were in poor body condition (i.e., 
‘mortally emaciated’), thus, it is difficult to discern whether the observed rate of plastic 
ingestion is representative of normal behaviour or whether starved birds were ingesting non-
food items that would ordinarily have been ignored. We found no statistically significant 
correlation between Dovekie body condition and plastic ingestion; however, our ability to 
detect a relationship may have been undermined by the fact that all the birds in our study 
were in poor condition. Future research into the relationship between plastic ingestion and 
seabird body condition is needed. We also found no evidence of sex-related differences in 
plastic ingestion, which is not surprising, as evidence for sex-related differences in plastic 
ingestion is lacking for other species (Spear et al., 1995; Acampora et al., 2014). We also 
found no evidence that juvenile dovekies ingested more plastic than older birds, which is 
contrary to the limited number of studies which have investigated this relationship (e.g., 
Acampora et al., 2014; Avery-Gomm et al., 2012; Spear et al., 1995). It is possible our lack 
of a significant difference between age groups is due to a small sample of juveniles, or that 
this trend is not present in Dovekies (Fife et al., 2015).  
Most ingested plastics were post-consumer user plastic (99.3%), which is consistent with 
the globally reported decrease in the proportion of industrial plastics ingested by seabirds 
(Ryan, 2008; van Franeker and Law, 2015). Most user plastics were fragments, sheet plastic 
and threads, and nearly half were black or brown in colour.  A comparison of our findings 
with at-sea sampling of plastic in the North Atlantic, at 40° latitude off the coast of Cape 
Cod, Massachusetts shows that the small size (< 5 mm), mass (< 0.01) and dominant type 
(fragment) of ingested plastics are similar, although the relative proportions of thread, sheet 
and foam plastic differ (Morét-Ferguson et al., 2010). High counts of threads in our 
Newfoundland sample were likely due to the nearby commercial fishery that uses nylon and 
polypropylene line and net. Fishing nets are subject to wear during fishing activity and are 
sometimes lost at sea. Many of our film plastics appeared to be fragments of garbage bags, 
and we found the vast majority of plastics to be polyethene and polypropylene - two 
polymers which make up the majority of single-use plastics (e.g., plastic bags, straws, food 
packaging; Plastics Europe, 2015). There are currently no studies that describe the colour of 
plastics in the western North Atlantic, at latitudes comparable to where our sample of 
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Dovekies would have fed; therefore we could not assess whether Dovekies exhibit colour 
selectivity when they are ingesting plastic items (Lavers and Bond, 2016). 
Curiously, 37.3% of the ingested pieces of plastic appeared partially burnt or melted 
(Figure 3.2a). The presence of burned or melted plastics in the coastal waters of 
Newfoundland likely originated from coastal waste disposal sites, with open burning or 
incineration (Government of Newfoundland and Labrador, 2014), shoreline garbage burn 
piles, which are still a common practice in remote outport communities of Newfoundland (H. 
Nowak 2016, pers comm Jan 27), or from waste incinerated on fishing vessels (Chen and Liu, 
2013). Although tens of millions of Dovekies spend the winter non-breeding season spread 
widely over Newfoundland offshore (Fifield et al., 2009; Fort et al., 2013), storms and strong 
winds, combined presumably with poor food availability, occasionally drive birds to land. 
This is what occurred just prior to the wrecking event that supplied our sample of emaciated 
beach-cast Dovekies. Presumably, these birds were in poor condition due to a combination of 
factors which may have included abnormal ocean conditions (Fisheries and Oceans Canada, 
2014), and would have died at sea, but were retrievable because of the northerly winds that 
drove them onto the beach at Holyrood. It is possible that prior to wrecking our Dovekies 
may have ingested local-source plastic that they would not otherwise have encountered on the 
Grand Banks. To address this possibility, we present a comparison of our plastic ingestion 
results both with and without the inclusion of burned and melted plastics in Table 3.1. 
Although excluding burned and melted plastics did little to reduce the frequency of 
occurrence of plastic ingestion (27.5%) or the average mass and number of plastics ingested, 
it is possible that utilizing beach cast birds in plastic ingestion studies may inflate plastic 
ingestion results, relative to the overall population. Future studies could test the hypothesis 
that wrecked birds are representative of population levels of plastic ingestion by coordinating 
the collection of healthy birds at sea with wrecking events, as has been done for Northern 
Fulmar (van Franeker and Meijboom, 2002).  
Gastric lacerations and ulcers are two commonly cited physical impacts attributed to 
plastic ingestion, but they are rarely further characterised or quantified. Of the few seabird 
plastic ingestion studies that quantified ulcers (Pettit et al., 1981; Ryan and Jackson, 1987; 
Sievert and Sileo, 1993; Pierce et al., 2004), only one study employed histological methods to 
identify them (Fry et al., 1987). In this study, we observed areas of dark discolouration and 
potential lacerations of the inner surface of the gizzard in 14.6% of the birds, some of which 
were large and discrete (Figure 3.2b).  Histologically, however, none of these lesions could 
 62 
be confirmed as ulcers, and all were at most areas of erosion unlikely to have been of clinical 
significance to the birds. This highlights the importance of using proper techniques to 
characterise the presence of gastric ulcers and lacerations. 
We found no relationship between plastic ingestion and areas of dark discolouration and 
potential laceration in the gizzard. We also found no relationship between plastic ingestion 
and bird body condition. This may be due to the relatively small plastic loads observed. For 
the subset of Dovekies that ingested plastics, plastic loads were equivalent to (average) 
0.013% ± 0.04% of the individual Dovekies’ body mass. For bird species that typically carry 
larger plastic loads (e.g., Procellariforme seabirds) plastic-related ulcers may be more 
prevalent, but evidence of this in the literature is scarce. Further, lesions such as erosions and 
ulcers are nonspecific and can result from a variety of causes, particularly parasitism.  It is 
therefore risky to attribute such lesions to a specific cause, such as plastics, before ruling out 
others, and statistical analyses should be conducted to evaluate whether observed lesions are 
likely plastic related. Of course, the usefulness of correlative relationships for understanding 
the impacts of plastic ingestion on seabirds is limited because of the difficulty separating 
cause from effect (Ryan, 1987a). Ultimately, controlled feeding experiments in aviaries will 
be required to test whether ingested plastic causes ulcers or other lesions (e.g., Ryan, 1988).   
The purpose of a standardised method for quantifying plastic ingestion is to facilitate 
temporal and geographical comparisons between studies. A comparison of our study results 
with Dovekies collected from nearby White Bay during the same wrecking event (Fife et al., 
2015) illustrates the problems that arise when standardised methods are not used. As part of a 
broader study on Dovekie foraging ecology and contaminant profiles, Fife et al., (2015) 
examined 65 beach cast birds and reported a 13.8% frequency of occurrence of plastic 
ingestion (Table 3.1). Surprisingly, the prevalence of plastic ingestion among the Dovekies 
we collected in Holyrood, Newfoundland was more than twice as high (30.4%). Even though 
both studies examined emaciated Dovekies collected from beaches only 350 km apart at the 
same time of year, key differences in the methodology undermine our ability to directly 
compare the results. First, although both studies examined stomach contents visually under a 
microscope, Fife et al., (2015) examined only the gizzard, not the proventriculus, whereas we 
examined both, as per standardised protocols (van Franeker et al., 2011). By only quantifying 
plastic in the gizzard, the previous study may have underestimated the frequency of 
occurrence of plastic ingestion, mass and number of plastics ingested by Dovekies. Second, 
we rinsed our samples over a 1 mm sieve to achieve a standardised smallest particle size, 
whereas Fife et al. (2015) did not. We suggest that the disparity in frequency of occurrence of 
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plastic ingestion between these two otherwise similar studies was more likely due to a 
difference in methodology than regional differences, highlighting the importance of adopting 
standardised methods (van Franeker et al., 2011). 
Over the past decade, two earlier studies in Newfoundland have examined Dovekie 
stomach contents (Table 3.1), although not for the express purpose of documenting plastic. 
One involved an examination of the proventricular and gizzard contents of beached birds in 
December 2003 following an oil spill (Robertson et al., 2006), while the second involved at-
sea collection of Dovekies in March 2011 and subsequent examination of the proventricular 
content as part of the dietary analysis (Rosing-Asvid et al., 2013). In both cases, low rates of 
plastic ingestion were observed (1.40% in 76; Robertson, unpublished data) or non-existent 
(0% in 50;  A. Rosing-Asvid 2016, pers comm, Feb 27). Unfortunately, the differences in 
analytical technique obscure whether there has been an increase in the frequency of plastic 
ingestion, or whether this was an artefact of methodological differences between studies. 
Plastic loads may also be influenced by the interaction between body condition and collection 
method (healthy birds shot at sea versus beach cast, oiled or emaciated birds), but 
investigations into this were beyond the scope of the present study.  
Researchers working with diet samples have a unique opportunity to contribute to our 
understanding of seabird plastic ingestion - but to enable future spatial and temporal 
comparisons, we strongly recommend that researchers follow standardised methods (i.e., van 
Franeker et al., 2011). The key elements of the standardised method are: 1) examine both the 
proventriculus and gizzard, 2) wash the stomach over a 1 mm sieve to achieve a common 
minimum particle size, and 3) separate plastics from non-plastics under a dissecting 
microscope, and classify the plastics under a compound microscope. Where possible, FT-IR 
spectrophotometry should be used to positively confirm the type of plastic polymers. A call 
to standardise methodologies for the detection of marine plastics is not new; the European 
Union Technical Subgroup on Marine Litter (TSG-ML) has proposed a standardised 
monitoring strategy across water, shoreline, sediment, and biotic monitoring techniques 
(MSFD-TSGML, 2013), following similar calls for standard operation protocols for plastic 
sampling and detection (Hidalgo-Ruz et al., 2012; Löder and Gerdts, 2015).  
 
3.6 Conclusion 
In addition to rigorously quantifying the physical and chemical characteristics of plastic 
ingestion in Dovekies, the most abundant seabird in the North Atlantic, our study 
demonstrated the importance of using standardised methods. We detected no adverse impact 
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of plastic ingestion in our study of beach-cast emaciated carcasses and have underlined the 
importance of using histological techniques to rigorously identify internal injuries and other 
lesions. In this study, we have documented a previously unreported source of ingested plastic 
(partly incinerated waste). Even though rapidly developing countries are credited with the 
lion’s share of responsibility for marine plastic pollution (Jambeck et al., 2015) our results 
suggest that remote communities in developed countries are also contributing to marine 
plastic pollution. Finally, we suggest that caution be applied when using emaciated birds 
collected from wreck events to establish representative rates of plastic ingestion for a species 
or region. 
 
3.7 Acknowledgements 
We thank Dr Y. Wiersma at for the use of her research laboratory, Brettney Pilgrim for 
assistance with genetic analysis, L. Roberts & H. Whitney for the cause of death 
determinations, Maryelle Nyeck Nyeck for assistance with plastic polymer analysis, and G.J. 
Robertson and P. D. O’Hara for providing helpful comments to that improved this paper. 
Special thanks to G. J. Roberston and A. Rosing-Asvid shared access to unpublished data. 
Adam D. P. Cross generously donated his artistic talent to design the graphical abstract. Our 
study was made possible by funding from the National Science and Engineering Research 
Council (NSERC Discovery Grant) to ILJ, support to MLV from Memorial University of 
Newfoundland (MUCEP program), early-career funding from the Faculty of Humanities and 
Social Sciences, Memorial University of Newfoundland to ML, and in-kind support from the 
Wildlife Research Division of Environment Canada.  
 
 65 
Table 3.1 Characteristics of plastic ingestion by Dovekies in Newfoundland, Canada, from the present study, in comparison with other studies from the 
region employing different methodologies.  
 
Study Year Location Collection Method Analysis Methods N Prevalence 
Mass (g) + SD 
(range) 
Number + SD  
(range) 
Present Study January 2013 
Holyrood, 
Newfoundland 
47°23'9.95"N  
53° 7'59.44"W 
Beached 
birds 
Proventriculus & 
gizzard, 1.0 mm 
sieve w/ 
microscope 
171 30.4% 0.0049 ± 0.0280 (0.000 – 0.2670) 
0.8070 ± 3.910  
(0-50 pieces) 
Present Study, 
excluding 
burned & 
melted plastics  
January 
2013 
Holyrood, 
Newfoundland 
47°23'9.95"N  
53° 7'59.44"W 
Beached 
birds 
Proventriculus & 
gizzard, 1.0 mm 
sieve w/ 
microscope 
171 27.5% 0.0044 ± 0.0272 (0.000 – 0.2670) 
0.4970 ±1.2385 
(0-12 pieces) 
Fife et al., 2015 January 2013 
White Bay, 
Newfoundland 
50° 9'22.88"N 
56°26'30.24"W 
Beached 
birds 
Gizzard only, 
visual inspection 
w/ microscope 
65 13.8% 0.0183 ± 0.0205 0.1538 ± 0.4043  (0-2 pieces) 
Rosing-Asvid 
et al., 2013 
unpublished 
data 
March 
2011 
Placentia Bay, 
Newfoundland 
47°12'6.92"N 
54°25'43.81"W 
Shot at sea Proventriculus, visual inspection 50 0.00% Not Applicable Not Applicable 
Robertson 
unpublished 
data 
Decembe
r 2003 
Cape shore, 
Newfoundland 
46°57'33.29"N  
54° 2'58.08"W 
Oiled 
beached 
birds 
Proventriculus & 
gizzard, visual 
inspection 
73 1.4% Not Reported Not  Reported 
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4 Linking plastic ingestion research with marine wildlife 
conservation 
 
This chapter is reproduced from the following publication:  
Avery-Gomm S., Borrelle S.B., Provencher J.F. 2018. Linking plastic ingestion research with 
marine wildlife conservation. Science of The Total Environment 637–638:1492–1495. 
https://doi.org/10.1016/j.scitotenv.2018.04.409 
 
4.1 Abstract 
Plastic is an increasingly pervasive marine pollutant and the number of studies documenting 
plastic ingestion in wildlife is accelerating. Many of these studies aim to provide a baseline 
against which future levels of plastic ingestion can be compared, and are motivated by an 
underlying interest in the conservation of their study species and ecosystems. Although this 
research has helped to raise the profile of plastic as a pollutant of emerging concern, there is a 
disconnect between research examining plastic pollution and wildlife conservation. We 
present ideas to further discussion about how plastic ingestion research could benefit wildlife 
conservation by prioritising studies that elucidate the significance of plastic pollution as a 
population-level threat, identifies vulnerable populations, and evaluates strategies for 
mitigating impacts. The benefit of plastic ingestion research to marine wildlife can be 
improved by establishing a clearer understanding of how discoveries will be integrated into 
conservation and policy actions.  
 
4.2 Introduction 
Marine plastic pollution is a global environmental challenge (STAP, 2011). As of 
2014, there was an estimated 93 to 236 thousand metric tons of floating microplastic 
polluting the world’s oceans (van Sebille et al., 2015). Despite local-scale efforts to stem the 
flow of plastic into the oceans, the volume of marine plastic debris is increasing as a result of 
significant inputs from land (Jambeck et al., 2015), rivers (Lebreton et al., 2017), and sea 
(Ryan et al., 2019). Plastic pollution is pervading ecosystems from the Arctic to the Antarctic, 
and affecting wildlife from zooplankton to whales, including many of the world’s food 
 
 
 
 
 
 
 
 
 
 67 
resources (Barnes et al., 2009; Gall and Thompson, 2015, van Sebille et al., 2012). Beyond 
the numerous negative economic and social impacts of marine plastic pollution (Derraik, 
2002; McIlgorm et al., 2011), plastic debris poses a threat to marine life through 
entanglement and ingestion (Kühn et al., 2015).  
Over the past five decades, the number of publications documenting levels of plastic 
ingestion in marine wildlife has increased at an accelerating rate (J.F Provencher et al., 2017). 
Many of these studies aim to provide a baseline against which future levels of plastic 
ingestion can be compared (van Franeker et al., 2011; Lusher et al., 2015; Lazar and Gračan, 
2011; Boerger et al., 2010), and are motivated by an underlying interest in the conservation of 
their study species and ecosystems. However, we suggest there is a need to think creatively 
about how plastics research, conservation action, and policy could be better linked to achieve 
positive conservation outcomes for wildlife that are directly impacted by plastic pollution 
(e.g., Hardesty and Wilcox, 2017; Figure 4.1). 
 
Figure 4.1 Plastic ingestion research can be better linked to marine wildlife conservation.  
 
Here, we present ideas to stimulate discussion about how plastic pollution research 
could inform effective conservation practices. This differs slightly from a recent and 
comprehensive list of research priorities for understanding plastic pollution impacts on 
marine species (Vegter et al., 2014), as we explore plastic ingestion research within the 
framework of informing conservation actions for wildlife specifically. We briefly summarise 
areas of research that are needed to elucidate the significance of plastic pollution as a threat, 
identify impacted populations, and evaluate strategies for mitigating impacts. We propose 
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that existing international cross-sectoral working groups that include researchers, waste-
management sectors, industry and decision-makers (e.g., the Joint Group of Experts on the 
Scientific Aspects of Marine Environmental Protection; GESAMP) could expand to include 
wildlife conservation practitioners and managers to improve our understanding of the 
ancillary benefits that reducing plastic pollution may have for species or populations 
vulnerable to marine plastics. 
 
4.3 How can plastic ingestion research inform marine wildlife conservation? 
There is a growing recognition in the research community that efforts need to shift 
from documenting plastic ingestion to investigating what the effects on wildlife may be 
(Nelms et al., 2015; Skaggs and Allen, 2015; Vegter et al., 2014). This way, the impact of 
plastic ingestion relative to other threats can be assessed within a cumulative effects 
framework that considers multiple stressors (B. D. Hardesty pers. comm. 2018). Although, 
research has shown that ingestion of plastic can manifest as physical and toxicological 
symptoms that may be significant for individual organisms (Butler and Davis, 2010; von 
Moos et al., 2012; Wright et al., 2013; Rochman et al., 2013b), the population-level impacts 
of plastic ingestion on marine wildlife are not yet well understood (Browne et al., 2015).  
Elucidating population-level effects can be challenging for several reasons, some of 
which are common to pollutant studies generally, while others are specific to plastic.  As the 
framework by Nisbet (1994) summarises, to understand the general impact of pollutants at 
the population-level requires first understanding the degree to which animals are exposed to 
pollutants. This knowledge can then be used to investigate the effect of pollutants on the 
survival or reproductive performance of individual animals, which is governed by the 
pollutant’s toxicity and biological factors, such as rates of uptake, anatomy and physiology 
(Nisbet, 1994). Only then can population-level effects be examined, for example by 
determining how the pollutant influences demographic characteristics, including reproductive 
fitness and mortality. Unfortunately, even when a pollutant represents unequivocal impacts, it 
can be challenging to measure effects at the population level, particularly for long-lived 
marine wildlife that have delayed sexual maturity (Warham, 1996). 
Understanding the population-level effects of ingested plastic, specifically, is 
challenging because plastics are both a macro-contaminant (causing physical damage) and a 
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micro-contaminant (due to the leaching of chemicals). Plastic toxicology studies are further 
complicated because plastic producers do not openly publish polymer recipes. As a result, 
deciphering the negative impacts due to different modes of harm can be challenging, and 
cumulative effects are difficult to differentiate. As a result, many of the mechanistic linkages 
between plastic ingestion and health via physical or toxicological effects are not yet clear, 
even in taxa which have been extensively studied (Bakir et al., 2016; Rochman et al., 2016).  
To date, most plastics ingestion studies involve single data points from necropsied 
individuals, and this has complicated efforts to identify causal relationships between plastic 
load and demographic parameters likely to impact populations. There is an obvious need for 
further research regarding the impacts related to plastic debris, ideally involving experiments 
that truly measure ecological impacts at environmentally relevant levels (GESAMP, 2016). 
Research that establishes dose-exposure responses of individual animals to ingested plastics 
alongside reliable methods to quantify plastic loads in live animals (e.g., Hardesty et al., 
2015) could enable plastic ingestion in wild animals to be tracked over time in relation to 
demographic rates. 
In parallel with efforts to establish the significance of plastic ingestion at the 
population level, researchers should focus on improving our understanding of the factors that 
influence a species or population’s susceptibility to ingesting plastic. Such information could 
facilitate predictions of a population’s plastic ingestion risk (Dell’Ariccia et al., 2017; Savoca 
et al., 2016; Tavares et al., 2017; C Wilcox et al., 2015) so that high-risk populations could be 
targeted for research and conservation actions. At present, our ability to predict plastic 
ingestion is limited by gaps in the literature and the use of non-standardised methods, which 
complicate comparisons (Avery-Gomm et al., 2016). This is a severe limitation that can be 
addressed by directing baseline research towards documenting plastic ingestion in 
understudied taxa and regions, and the widespread adoption of standardised methods for 
collection, analysis and reporting (Provencher et al., 2017).  
We argue from the perspective that the most valuable plastic ingestion research 
provides information that will help us to better choose between actions or help us identify 
new actions to achieve positive conservation outcomes for species affected. Therefore, 
research that enables wildlife managers to answer questions such as; ‘is plastic ingestion 
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contributing to the decline of the population I manage?’ ‘How does it compare to other 
threats?’ And ‘Should I allocate resources to mitigating these impacts?’ will be of greatest 
value.  
 
4.4 Integrating plastic pollution research into wildlife conservation 
Plastic pollution is accelerating and is expected to be a significant threat to at least 
some species in the future (Wilcox et al., 2015). As different countries will likely tackle 
plastic pollution as the most pressing conservation concern for different species at different 
times, it is reasonable to begin discussing mitigation and conservation options early. One 
avenue that researchers and conservation practitioners may consider as a strategy to manage 
species in a highly-plasticised environment is compensatory mitigation, similar to the 
strategies that could be used to manage species under climate change (Mawdsley et al., 2009; 
Saunders et al., 2013). Examples may include reducing threats to eggs and young either in 
situ or with head-start/hatchery programs (Eckert et al., 1999; Heppell et al., 1996), breeding 
site restoration methods (Friesen et al., 2017), or reducing threats at important feeding sites to 
bolster overall population growth. Where point-source pollution is identified, a compensatory 
offset approach could be explored (Wilcox and Donlan, 2007). 
For coastal populations that are vulnerable to plastic pollution, waste management 
actions that address local sources of plastic pollution could be considered as an indirect 
approach for reducing wildlife exposure to plastic pollution (IUCN, 2016, p. 7). Although 
peer-reviewed studies documenting the successful reduction of plastic pollution in the marine 
environment following waste management practices are sorely needed, there is some 
evidence (Xanthos and Walker, 2017). For example, efforts to reduce industrial plastic 
pollution in the North Sea in the 1980s appear to have succeeded over the past three decades 
(van Franeker and Law, 2015). If reduced exposure to local source pollution is shown to 
benefit wildlife populations, then such an approach could be considered as a wildlife 
conservation action. Wildlife populations face an array of threats. Many of these are better 
understood than plastic pollution (e.g., over-exploitation, incidental catch, habitat 
destruction), and are obvious priorities for near-term conservation interventions. However, 
there is little chance that plastic pollution is having no impact on wildlife (GESAMP, 2016). 
If we assume that further study will reveal plastic ingestion to have measurable, negative 
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impacts on some populations, it is logical to think creatively about how impacts may be 
addressed. 
 
4.5 Cross-sectoral communication  
Although there are no legally binding international regulations on marine plastics 
(Borrelle et al., 2017; Xanthos and Walker, 2017), several waste abatement campaigns and 
policies have made progress towards reducing the flow of plastics into the environment 
(Willis et al., 2017), and working groups are being established to coordinate plastic pollution 
reduction (e.g., Plastic Pollution Coalition). Another example is the Joint Group of Experts 
on the Scientific Aspects of Marine Environmental Protection under the United Nations 
Environmental Program that aims to bring together experts to provide interdisciplinary advice 
regarding the protection of the marine environment. While we support these working groups 
and the cross-sector engagement many of these have, there is a need to better integrate those 
who work on wildlife conservation to ensure the flow of information between those interested 
in plastics in the environment and those working in wildlife conservation.  
The disconnect between policymakers and practitioners is not new or unique to the 
world of plastics research. The science-policy gap is firmly entrenched in conservation 
(Jarvis et al., 2015; Lemieux et al., 2018), leading to some describing the science-policy 
interface as dysfunctional (Sutherland et al., 2012). Indeed,  Lemieux et al., (2018) found that 
managers used international agreements, grey literature (e.g. working group documents), and 
indigenous knowledge the least in protected area management in Canada. To prevent this gap 
in the emerging plastic pollution-conservation field we propose that existing international 
cross-sectoral working groups should include conservation practitioners from their initial 
development. This early engagement between plastic pollution working groups and wildlife 
conservation could improve the degree to which research to elucidate the ecological impacts 
of plastics is integrated into policy in a way that benefits marine wildlife conservation. 
Specifically, this would help plastic pollution working groups refine specific 
questions related to the health of the marine environment. For example, although directions 
for future research have been articulated, further work is needed to clarify how efforts will 
benefit wildlife. Policies to ban bags are a popular mechanism for raising awareness and 
reducing the use of single-use plastics, but whether local levels of plastic pollution reflect the 
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change remains to be seen (Xanthos and Walker, 2017). And, while a reduction of plastic 
bags in the marine environment may reduce plastic ingestion in sea turtles (González Carman 
et al., 2014; Nelms et al., 2015), other marine wildlife may be more susceptible to other 
forms of plastic (i.e., hard plastic, microplastics or nanoplastics). Therefore, within these 
cross-sectoral working groups, engaging with conservation practitioners and wildlife 
managers will be key to expediting policy actions on plastic pollution, and providing the 
legislative support needed to achieve conservation goals for impacted species. 
 
4.6 Conclusion 
Addressing pollution of the world’s oceans by plastic debris will require global 
cooperation to define specific, measurable, time-bound targets to reduce plastic emissions 
into our oceans (Rochman et al., 2013a; Vince and Hardesty, 2016). It is likely this will take 
years, possibly decades to achieve (Borrelle et al., 2017). The plastic ingestion research 
conducted to date has helped to raise the profile of plastic as a pollutant of emerging concern, 
and numerous national governments and global organisations have now listed understanding 
the effects of plastics on the environment as a research priority (e.g., IUCN, USA, Australia). 
The benefits of plastic ingestion research will increase when informed by a broader 
community with a clear understanding of how research can be integrated into conservation 
and policy actions.  
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5 Global seabird plastic ingestion vulnerability predicted 
using life history and phylogeny 
 
This chapter is reproduced from the following publication with some alterations to format 
and structure:  
Avery-Gomm, S., Portugal, S., Bond, A.L., Borrelle, S.B., Provencher, J.F., Lavers, J.L., 
Possingham, H.P., White, C.R. Global seabird plastic ingestion vulnerability predicted using 
life history and phylogeny. In Review  
 
5.1 Abstract 
Concern about marine plastic pollution has grown considerably in recent years (Jambeck et 
al., 2015; Thompson et al., 2004; van Sebille et al., 2015). Seabirds are particularly 
susceptible to ingesting and accumulating plastic (Kühn et al., 2015), but we lack a 
comprehensive understanding of the biotic drivers of plastic ingestion across all species. 
Therefore, we have limited capacity to predict ingestion risk in unstudied species. Using a 57-
year dataset of plastic ingestion records for nearly 50,000 seabirds, we deliver a broad 
geographic and taxonomic analysis that identifies the factors influencing observed trends in 
plastic ingestion. We demonstrate that phylogeny, foraging method, diet and age are 
significant predictors of plastic ingestion for 209 species across 7 continents. Using a 
phylogenetically-informed approach we estimate the fraction of seabirds within each species 
that have ingested plastic, and predict that at least some individuals of every species have 
already ingested plastic debris. These results will help to target high-risk species for further 
plastic ingestion research and conservation (Borrelle et al., 2017). 
 
5.2 Introduction  
In 2014, it was estimated that 15 to 51 trillion microplastic particles have already 
accumulated in the surface waters of the world’s oceans (van Sebille et al., 2015), with inputs 
predicted to increase by an order of magnitude by 2025 (Jambeck et al., 2015). Plastic waste 
is a diverse contaminant suite, has a multitude of impacts, and is now considered one of many 
threats to biodiversity (Barnes, 2002; Gregory, 2009; Villarrubia-Gómez et al., 2018). The 
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number of marine species known to be affected by plastic pollution has doubled in the past 30 
years (Kühn et al., 2015), with seabirds being the most well documented marine animals to 
ingest and accumulate plastic (Provencher et al., 2017). Plastic ingestion can result in an 
array of physical and toxicological effects leading to reduced health, feeding, growth and 
survival of individuals (Browne et al., 2015; Lavers and Bond, 2016; Roman et al., 2019). 
Drawing connections between acute and chronic impacts of plastic ingestion on individuals to 
the effects of debris at ecological levels of populations or assemblages is an active area of 
study (Browne et al., 2015; Rochman et al., 2016).  
In parallel with efforts to understand the consequences of plastic ingestion for wildlife 
populations, there are calls to improve our understanding of the factors that influence a 
species’ susceptibility to ingest plastic (Avery-Gomm et al., 2018). Suggested drivers of 
plastic ingestion include foraging method, diet, the propensity of animals to regurgitate 
indigestible items (Ryan, 1987b; van Franeker et al., 2011), and exposure to environmental 
plastic pollution (Roman et al., 2016; Wilcox et al., 2015). Species that rely on dimethyl 
sulfide as an olfactory cue to locate prey may mistakenly ingest bio-fouled plastic (Savoca et 
al., 2016), although this hypothesis has been challenged (Dell’Ariccia et al., 2017). However, 
past studies have been constrained taxonomically or geographically, precluding a truly global 
synthesis of plastic ingestion risk for seabirds (Roman et al., 2016; Savoca et al., 2016; 
Wilcox et al., 2015). The present study makes use of the largest database of seabird plastic 
ingestion ever collated, and represents a comprehensive advance in our understanding of the 
underlying determinants of plastic ingestion and present-day vulnerability of seabird species. 
Using a broad geographic and taxonomic approach encompassing the full phylogeny of 
seabirds we (i) establish what traits determine the propensity of a species to ingest plastic, 
and (ii) predict present-day plastic ingestion risk for all seabird species. Our predictions link 
to conservation by guiding future research, monitoring and mitigation towards highly 
vulnerable species.  
5.2 Methods 
Data Collation 
We identify 'seabirds' following BirdLife International, which includes penguins 
(Sphenisciformes), albatrosses, shearwaters, and petrels (Procellariiformes), tropicbirds, 
cormorants and gannets (Pelecaniformes), auks, terns, skuas, phalaropes and gulls 
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(Charadriiformes). We also include loons (Gaviiformes), and seaducks (Anseriformes; 
Anatidae), as these species spend most of their lives in marine environments (Gaston, 2004). 
We used Tree of Life taxonomy for phylogenetic analysis downloaded in 2018 (Hinchliff et 
al., 2015). The combined taxonomic breadth for this study included 355 seabird species 
recognised by both BirdLife (BirdLife International, 2016) and the Tree of Life (Hinchliff et 
al., 2015).  
Data on the frequency of occurrence of plastic ingestion in seabirds were collated 
from the peer-reviewed literature using the Web of Science and Google Scholar search 
engines and citation index. Searches were performed using “seabird*plastic”, 
“seabird*debris”, and “seabird*pollution”. Information on plastic from older publications 
was sourced from reviews (Kühn et al., 2015; Laist, 1997; Provencher et al., 2014; Ryan, 
2015). This effort produced records from 1958 to 2018, which were cross-referenced with 
publications involving seabirds from LitterBase (Bergmann et al., 2017; Tekman et al., 
2019). From each publication, we extracted information on sample size, sampling years, and 
age-class, which were used as factors in our analysis. Sampling years were binned into 
decades, and we categorised the reported age class of sampled individuals as ‘adult’, 
‘subadult’, ‘adult/subadult’, ‘nest-bound’ (i.e., chicks or fledgelings), and ‘mixed’. Empirical 
data on plastic ingestion were only included in this study if all these details of interest were 
available.  
We did not incorporate information on the mass and size of ingested plastic, 
geographic location, collection method, cause of mortality, or whether standardised methods 
were used during processing, as these data were not widely reported in early studies. We also 
did not include exposure of sampled birds to plastic pollution as a predictor. Specific 
geographic location information and clues about the foraging range of birds before they were 
sampled was not consistently available from older published reports. This undermined our 
attempts to generate estimates of seabird exposure to plastic pollution using decade-specific 
models of marine plastic pollution for each of the studies. 
Data on life-history traits previously used to explain observed patterns in plastic 
ingestion were collected for each species from various sources (Del Hoyo et al., 2018; 
Dell’Ariccia et al., 2017; Dunning, 2007; Rodewald, P. (Editor), 2015). This included feeding 
method, dominant prey type, nocturnality, whether a species’ diet could be described as 
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opportunistic (i.e., generalist species or species that feed opportunistically on offal or refuse), 
and body mass. The primary feeding method for each species was categorised as ‘aerial 
pursuit’, ‘bottom-feeding’, ‘dipping’, ‘pattering’, ‘plunge-diving’, ‘pursuit diving’, ‘pursuit 
plunging’, ‘scavenging’, ‘skimming’, ‘surface plunging’, or ‘surface seizing’ (Ashmole, 
1971). Diet was categorised based on the dominant prey type as ‘crustaceans’, ‘other 
invertebrates’, ‘fish’, ‘carrion/tetrapods’, and ‘cephalopods’. Species were coded as 
‘opportunistic’ when references specifically cited this with regards to diet, if a diet frequently 
included anthropogenic sources, or if diet included >3 important prey types. Species were 
coded as having nocturnal behaviour if they were cited to forage at night or if they 
predominantly fed on prey that is available at night (e.g., myctophids, squid). We did not 
include information on the propensity of species to regurgitate because this information is not 
widely available and recent findings (Terepocki et al., 2017) cast doubt on taxonomic 
patterns of regurgitation reported in early literature (Furness, 1985a, 1985b).  
 
Analysis of empirical data: evaluation of traits associated with plastic ingestion  
 The collated empirical dataset of the observed frequency of occurrence of plastic 
ingestion and trait data included records for nearly 48,773 individual birds representing 209 
of 355 seabird species - 59% of the world’s total. Within this dataset, 139 species were found 
to have ingested plastic, 70 species were not, but overall sample sizes were generally small 
(median: 6). These data were analyzed using a phylogenetic mixed model (Hadfield and 
Nakagawa, 2010; Housworth et al., 2004; Lynch, 1991) implemented in ASReml-R v3 
(Gilmour et al., 2009) and R v3.0.2(R Core Team, 2014). The phylogenetic tree used was 
downloaded from the online Tree of Life (Hinchliff et al., 2015)  in 2018, using the rotl 
package (Michonneau et al., 2016). Standard errors of variance ratios were calculated using 
the ‘pin’ function (White, 2013). The significance of fixed effects was tested using Wald-type 
F-tests with conditional sums of squares and denominator degrees of freedom. Phylogenetic 
heritability, a measure of phylogenetic correlation equivalent to Pagel’s λ (Hadfield and 
Nakagawa, 2010; Pagel, 1999), was estimated as the proportion of variance attributable to the 
random effect of phylogeny. Proportional frequency of occurrence of plastic ingestion data 
were logit transformed (Warton and Hui, 2011). 
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Our full model included the following fixed effects: taxonomic order, feeding method, 
dominant prey type, whether a species’ diet could be described as opportunistic, nocturnality, 
and normalised natural log-transformed adult body mass. We also included study-specific 
fixed effects as model parameters, including the decade of data collection, and square-root 
transformed sample size.  To produce a minimum adequate model that highlighted the life-
history traits that best explained observed trends in the proportion of seabirds that ingest 
plastic, we simplified our full model by stepwise backwards elimination. We sequentially 
removed predictors with the highest P-value until only those with a conservative threshold of 
p < 0.10 remained. 
To address challenges (Dell’Ariccia et al., 2017) of the hypothesis that emission of 
dimethyl-sulphide by biota on plastics represents an olfactory trap for foraging seabirds, and 
that it explains patterns of plastic ingestion among procellariiform seabirds (Savoca et al., 
2016), we included dimethyl-sulphide responsiveness in a separate analysis of this order. 
Responsiveness to dimethyl-sulphide has only been assessed for 23 species, including 19 of 
98 species of the order Procellariform (Dell’Ariccia et al., 2017), and was categorised as 
‘responsive’, ‘not responsive’ and ‘unknown’ for the purpose of this secondary analysis. Our 
full model for this analysis included all the previously mentioned factors, plus dimethyl-
sulphide and was likewise simplified by stepwise backwards elimination using a conservative 
threshold of p < 0.10.  
 
 
 
Predictions of plastic ingestion across species 
To develop phylogenetically informed species-level estimates of the frequency of 
occurrence of plastic ingestion for all seabird species, the minimum adequate model was then 
re-run using MCMCglmm (Hadfield, 2010), so that best linear unbiased predictor estimates 
for the random effect of phylogeny could be calculated. This was implemented in R v 3.5.3 
(49). For each species, we report the predicted frequency of occurrence of plastic ingestion 
with the Highest Posterior Density (HPD) Interval. Estimates were not possible for 10 species 
due to incomplete information on diet or foraging mode. We highlight species that are at 
high-risk of plastic ingestion as those with an estimated frequency of occurrence of plastic 
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ingestion > 60%. Among high-risk species, those with small current sample sizes (< 50) are 
identified as research priorities. 
 
5.4 Results and Discussion 
To determine life-history predictors of vulnerability to plastic ingestion we analyzed 
all available records of plastic ingestion within a phylogenetically informed framework. The 
collated dataset includes the observed frequency of occurrence of plastic ingestion for nearly 
50,000 individuals representing 209 seabird species - 59% of the world’s total. Globally, we 
find at least 39% of all seabird species have been reported to ingest plastic. Observed 
differences in plastic ingestion co-varied with phylogenetic relatedness and two out of seven 
life-history traits (Figure 5.1): foraging method and diet. Species that forage by pursuit 
plunging and skimming had a higher frequency of occurrence of plastic ingestion than 
species employing other foraging strategies (Figure 5.1G, Appendix A Table S5.1a). This is 
consistent with prior research showing that seabirds foraging at the water’s surface are more 
likely to interact with plastic pollution (Robards, 1993; Roman et al., 2016; Ryan, 1987b). In 
our phylogenetically-informed analysis, we discovered that species specializing on a diet 
dominated by carrion and tetrapods (e.g., birds, reptiles, rodents) tended to have a higher risk 
of plastic ingestion than species predating on crustaceans, fish, cephalopods or other 
invertebrates (Figure 5.1E, Appendix A Table S5.1b). This result is consistent with 
observations of secondary ingestion. For example, Hammer et al., (2016) found that 
regurgitated pellets of Great Skua that contained Northern Fulmar had the highest prevalence 
of plastic, and Northern fulmar are known to have high loads of plastic debris (Avery-Gomm 
et al., 2017). Trophic-transfer of plastic is an area of emerging interest (Hammer et al., 2016; 
Provencher et al., 2018a) because it increases the potential vulnerability of higher trophic-
level species.  
 
We controlled for artefacts of study design such as the year in which sampling was 
conducted, sample size, and age-class of sampled birds, and in doing so confirmed that nest-
bound birds (i.e., chicks and fledgelings) had a higher frequency of occurrence than adult or 
subadult birds (Figure 5.1H, Appendix A Table S5.1b). For some species, chicks are not 
capable of regurgitating indigestible items prior to leaving the nest, which can result in the 
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accumulation of plastic debris (e.g., Young et al., 2009). We also observed a peak in the 
frequency of occurrence of plastic ingestion for birds sampled between 1990-1999 (Figure 
5.1, Appendix A Table S5.1b). Although the abundance of industrial plastics has decreased 
over the past decades, user plastics have shown a complex increase and decrease in numerical 
abundance in the stomachs contents of Northern Fulmars (Fulmarus glacialis) and the surface 
waters of the North Atlantic subtropical gyre (Law et al., 2010; van Franeker et al., 2011; van 
Franeker and Law, 2015). At present, there is insufficient information at a global scale to 
compare historical trends in the frequency of occurrence across all seabirds to historical 
trends in plastic pollution or to explain the observed peak.  
Figure 5.1 Factors influencing plastic ingestion in seabirds. (A-I) A summary of raw empirical plastic 
ingestion data across all species-specific and study-specific fixed factors (highlighting those that were 
significant in the minimum adequate model in black) and (J) the phylogenetic distribution of 
frequency of plastic ingestion in seabirds.  
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To address challenges (Dell’Ariccia et al., 2017) of the hypothesis that that emission 
of dimethyl-sulphide by biota on plastics represents an olfactory trap for foraging seabirds, 
and that it explains patterns of plastic ingestion among Procellariiform seabirds specifically 
(Savoca et al., 2016), we included dimethyl-sulphide responsiveness in a separate analysis of 
this order. Our phylogenetically informed minimum adequate model for procellariiform 
seabirds did not include dimethyl-sulphide responsiveness (Table Appendix AS5.2). 
However, responsiveness to dimethyl-sulphide has only been evaluated for 19 of 98 species, 
which may undermine the strength of the analysis. A P-value near the threshold for stepwise 
backwards elimination (P = 0.106; Rose and McGuire, 2019) is consistent with the 
hypothesis that some seabirds may be attracted to ingesting bio-fouled plastic because they 
use dimethyl-sulphide as an olfactory cue when foraging.  
Phylogenetic heritability was high across observed patterns of plastic ingestion for 
209 seabird species, covering 16 families and eight orders (Pagel’s λ = 0.827 ± 0.101 SE, 
Figure 5.1J). This indicates that closely related species were more likely to have similar 
frequencies of occurrence of plastic ingestion than species drawn at random from the 
phylogenetic tree (Blomberg and Garland, 2002), and is consistent with the expectation for 
life-history traits to be conserved across closely related species. Our analysis represents an 
advance over past approaches to predicting plastic ingestion risk because it provides a way to 
account for conserved traits that is not possible when life-history traits, such as taxonomic 
ranks (i.e., order), diet and foraging strategies, are simplified into categories for the sake of 
analysis. The strong phylogenetic signal lends us strong confidence in our ability to generate 
predictions about plastic ingestion risk, even for species that have never been studied, 
because the risk of ingestion for unstudied species can be predicted using a combination of 
the details of their diet and foraging method, as well as their phylogenetic position.  
For 70% of seabird species, plastic ingestion data do not exist, or are deficient (i.e., < 
50 individuals sampled). We generated phylogenetically informed species-level estimates of 
frequencies of occurrence of plastic ingestion for all seabird species where diet and foraging 
information was available (97% of all seabird species; mean ± HPD Intervals; Appendix A 
Figure S5.1). We found that plastic ingestion risk is influenced by both the age-class of birds 
and the decade of the study, so our predictions are generated for adult birds over the period 
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2001-2010. We discovered it is likely that individuals within all seabird species have ingested 
at least some plastic as of 2018 - including 135 species that have never been studied and 16 
species where more than 50 birds have been sampled, but no plastic has yet been found. This 
compares with a previous prediction that debris will be found in 99.8% of pelagic seabird 
species by 2050 (Wilcox et al., 2015), illustrating that plastic ingestion among seabirds is far 
more pervasive than previously suggested.  
Procellariiformes (i.e. petrels, shearwaters and albatross) are known to be vulnerable 
to plastic ingestion and are often the focus of scientific and public interest (Provencher et al., 
2017; Roman et al., 2019; Wilcox et al., 2015). However, we find that the observed and 
predicted frequency of occurrence of plastic ingestion is highest for the Scolopacidae family, 
which includes some of the smallest seabirds: marine phalaropes (Phalaropus fulicarius, 
Phalaropus lobatus; Figure 5.2). This likely reflects the combined influence of diet and 
foraging method on plastic ingestion. Phalaropes forage by seizing small invertebrates from 
the water surface in coastal habitats and convergence zones in the marine environment, both 
locations where plastics accumulate (Del Hoyo et al., 2018). It may also reflect a low 
propensity for these species to regurgitate indigestible items. After phalaropes, petrels 
(Family: Procellariidae) had the highest predicted mean frequency of occurrence of plastic  
Figure 5.2 Comparison of mean frequency of occurrence of plastic ingestion for each seabird family. 
(A) predicted (n = 345 species) family-level distribution of plastic ingestion for adult birds from 2010-
2019 and (B) Observed patterns in plastic ingestion across all age classes and decades (n = 209 
species). 
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ingestion. There is good alignment between our predictions and empirical data for most 
families, considering differences in the number of species within each family that are 
represented by empirical data (Figure 5.2, Appendix A Table S5.3). 
Concerns about the physical and toxicological impacts of ingested plastics on seabirds 
and the role of plastics as a source of mortality and morbidity are growing (Browne et al., 
2015; Roman et al., 2019). To better link plastic ingestion research to wildlife conservation, 
data deficient species with high predicted plastic ingestion risk should be prioritised (Avery-
Gomm et al., 2018). We identify 26 species where more than 60% of the population are 
predicted to ingest plastic (i.e., > 60% predicted mean frequency of occurrence), but fewer 
than 50 individual birds have ever been examined (Fig S2). The credible interval around 
predictions for most species was large, but among priority species with small credible 
intervals (i.e., 0.5 or less) are the Critically Endangered Magenta Petrel (Pterodroma 
magentae), Long-tailed Jaeger (Stercorarius longicaudus), Endangered Newell’s Shearwater 
(Puffinus newelli), Little Shearwater (Puffinus assimilis), Vulnerable Hawaiian Petrel 
(Pterodroma sandwichensis) and Endangered Black-Capped Petrel (Pterodroma hasitata; 
Figure 5.3). We predict that more than 90% of the global population of these six species 
ingest some plastic debris. Species that are threatened with extinction (i.e., IUCN Red List 
status of Endangered, or Critically Endangered) may be more susceptible to the chronic 
effects of plastic ingestion which could interact synergistically with other stressors. To 
minimise harm, species that are at risk of extinction should not be sacrificed to study plastic 
ingestion. Examination of the mechanisms by which plastic ingestion impacts wildlife health 
will facilitate efforts to link plastic ingestion to population-level impacts and may support 
management (Browne et al., 2015; Sibly, 1999).  
 
5.5 Conclusion 
The present study addresses an urgent need to understand the life history drivers of 
plastic ingestion and identify data deficient species that are highly vulnerable to ingesting 
plastic. These results will help link plastic ingestion research to wildlife conservation by 
guiding future research towards high-risk species. We predict that plastic ingestion among 
seabird species is now ubiquitous and that it may be more common among other marine 
species than currently realised. Plastic pollution pervades nearly all marine environments, 
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from the deep sea to the poles. That plastic also is predicted to have pervaded all seabird 
species highlights why mitigating the effects and combatting the rise in plastic pollution 
requires urgent action at the international level, and that it is long overdue (Borrelle et al., 
2017).  
 
Figure 5.3 Species vulnerable to ingesting plastic. (A) Understudied species that are priorities for 
plastic ingestion research include Black-Capped Petrel (Pterodroma hasitata), Little Shearwater 
(Puffinus assimilis), and Hawaiian Petrel (Pterodroma sandwichensis). (B) Plastic ingestion in Laysan 
Albatross from Midway Atoll, a species with a high frequency of occurrence of plastic ingestion that 
is also known to ingest large amounts of plastic debris. This photo was taken by Dr Jennifer Lavers, 
and no plastic was added to this bird. 
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Chapter 6. Data uncertainty does not always preclude cost-
effective decision making for threatened species 
 
6.1 Abstract  
Numerous tools have been developed to guide decisions about how to efficiently and 
effectively conserve biological diversity. A central theme is helping decision-makers to cost-
effectively allocate limited financial resources to maximise the net benefit of conservation 
actions. A concern commonly raised by decision-makers is that such tools may not generate 
useful decision guidance if the data used are highly uncertain. However, we argue that 
whether estimated from experiments, models or expert judgment, the relevant question is not 
the amount of uncertainty around the data, but whether the decision guidance is robust to that 
uncertainty. The Project Prioritization Protocol (PPP) is an approach for guiding resource 
allocation decisions across conservation projects. Based on estimates of the cost, benefit and 
feasibility of each project, cost-effectiveness is calculated, and projects are ranked to identify 
a subset that will deliver the biggest return-on-investment. In New Zealand and two 
Australian states, government departments have used the PPP to inform funding allocation 
among endangered species recovery plans, and we have developed a demonstration of the 
tool for the United States Fish and Wildlife Service. In this study, we characterise, explore 
and visualise the impact of poor data quality on recovery plan prioritization and the expected 
conservation benefit. Our approach to exploring uncertainty can be used by conservation 
organizations or agencies to identify when the PPP generates useful and sensible decision 
guidance even when user-defined levels of uncertainty for estimates of cost, benefit and 
feasibility are high. These findings and conclusions are those of the authors and do not 
necessarily represent the views of the U.S. Fish and Wildlife Service.  
 
6.2 Introduction  
Current rates of species extinction are at least 100 times higher than background rates 
(Ceballos et al., 2015), and national and international policies have made the conservation of 
biological diversity a priority (UN CBD, 2010). However, conservation funding is 
insufficient and organizations face the omnipresent challenge of deciding how to spend 
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limited funds to achieve the best possible conservation outcome (Gerber, 2016; Hein et al., 
2013; McCarthy et al., 2012; Possingham and Gerber, 2017; Sumaila et al., 2017; Waldron et 
al., 2017). A growing number of organisations are meeting this challenge by employing tools 
from decision science to evaluate trade-offs among alternatives within a suite of possible 
resource allocation strategies. These approaches work by seeking to optimise a stated 
objective while considering the cost, benefit, and feasibility of performing different sets of 
conservation actions (e.g., designating selected areas for specific conservation action, or 
funding a subset of projects). The Project Prioritization Protocol (PPP) approach has been 
applied in Australia, New Zealand and the UK to solve projects-based resource allocation 
problems related to recovering endangered species (Di Fonzo et al., 2017; Joseph et al., 
2009). In general, a decision science approach can substantially improve conservation 
outcomes by increasing efficiency and ensuring transparency of management decisions (e.g., 
Brazill-Boast et al., 2018).  
Decision support tools only work in achieving specified objectives when the guidance 
they generate are used (Halpern et al., 2006), and there are numerous hurdles to the uptake of 
decision support (Iacona et al., in prep; Appendix D). One frequently raised concern is that 
the tool may not generate useful decision guidance if the data that are being used to 
parameterise the decision problem are of low quality (Addison et al., 2013; Gibson et al., 
2017; Kim et al., 2016). For example, if costs for some conservation actions are 
overestimated, the decision guidance generated may indicate that they are not cost-effective - 
while with true costs applied (if these could be known), the same actions might be the most 
cost-effective. Clearly, errors associated with uncertainty around estimates could compromise 
the capability of a decision support tool to generate the best possible conservation outcome.  
Whether data are estimated from experiments or predictive models, or derived from 
expert opinion, we contend that the important question is not whether input data are good 
quality, but whether the decision guidance about which conservation actions to fund is robust 
to uncertainty in those data. Therefore, decision-support tools should facilitate explicit 
consideration of how uncertainty in estimates of data affect the resource allocation decision 
and, ultimately, the conservation outcome (Tulloch et al., 2013). If the tool can show the 
uncertainty in the net benefit of a decision, a decision-maker can exercise their risk attitude 
(e.g., risk averse, risk neutral, risk seeking). Evaluating whether recommendations offered by 
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decision tools are robust to data uncertainty is a critical step in establishing buy-in for 
systematic decision making. In this study, we conduct a sensitivity analysis to examine how 
uncertainty around estimates of cost, benefit, and the probability of success influence 
decision guidance for endangered species recovery in the United States of America. We 
explore this in the context of a prototype Resource Allocation Explorer Tool that was 
designed to facilitate comparisons of cost-effective funding allocation scenarios for 
endangered species recovery planning (Gerber et al., 2018), based on the principles of the 
PPP approach (Joseph et al., 2009). 
 
6.3 Methods 
We developed the Recovery Explorer tool to allow decision-makers to explore and 
compare cost-effective resource allocation scenarios for endangered species recovery plan 
implementation (Gerber et al., 2018). Below we describe the process that the tool uses to rank 
recovery plans based on the relative benefit, costs and weights and success of those recovery 
plans. We also describe how we compiled the data used to generate the figure that 
demonstrates the robustness of the cost-effectiveness approach. A prototype version of the 
tool is available on the web at https://shiny.sesync.org/apps/RecoveryExplorer  
 
Cost-Efficiency Analysis  
We used a data set of 545 recovery plans for 1315 “species” (taxonomically distinct 
units) listed as endangered or threatened under the Endangered Species Act. Briefly, the cost-
efficiency, Ei, of each recovery plan i, is calculated as:  !! = "!∗$!%! 	      (1) 
where the efficiency of a recovery plan depends on the total cost of all actions in the recovery 
plan (Ci), the benefit of recovering all the species in the plan (Bi) and the average probability 
that management actions described in the recovery plan will successfully recover species 
within the plan (Si). The efficiency, Ei, of each project is used to generate a ranked list that 
goes from highest to lowest. From this ranked list, portfolios of recovery plans that could be 
funded for an available budget are identified by selecting plans from highest to lowest in 
order until the cumulative cost of chosen recovery plans reaches the available budget. To 
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explore the influence of uncertainty on the robustness of recommendations in the face of 
uncertainty around estimates of costs, benefit and success, variability was introduced to these 
parameters, and changes in the recommendations of the decision support were examined. 
 
Cost  
Data on the cost of recovery actions within published recovery plans were sourced 
from the Environmental Conservation Online System database (http://ecos.fws.gov/ecp/) by a 
core database query on January 10th, 2017. We treated each recovery plan as a package of 
actions, where the total cost of that recovery plan is the sum of the costs of these actions. 
Initially, we assumed that the cost estimates associated with actions in plans reflect the true 
cost of recovery and that funding and implementation of these actions would occur over a 50-
year period, unless specified for a shorter term, even if this is unlikely to be correct given 
uncertainty in current and future cost estimates, discounting rates and fluctuation in consumer 
price index. All cost estimates were discounted into the future at a rate of 3.7% based on the 
50-year average annual increase in consumer price index (Iacona et al., 2018).  
 
Benefit 
For this demonstration, we equated the benefit of completing each recovery plan as 
the biodiversity benefit ($!), following Joseph et al. (2009). This is defined as the difference 
between the probability of the species being recovered in 50 years if the plan is (&&!) or is not 
(&'!) implemented (that is, $! = &!& − &!'). For recovery plans that contained multiple 
species, the benefit of funding the recovery plan, i, was the sum of the benefits for all the n 
species covered by the plan $! = ∑ (&!&( − &!'())(*& ,       (2) 
where j denotes the index for a species. 
The probability of recovery has been discussed as being related to the probability of 
extinction and thus could be calculated from stochastic population models (Drechsler and 
Burgman, 2004; Gerber et al., 2018). However, population viability models are not available 
for all species. Estimates for the probability of extinction may also be elicited from experts 
(e.g., Hemming et al., 2018; Joseph et al., 2009). In the absence of elicited expert 
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information, Gerber et al. (2018) estimated the biodiversity benefit of funding recovery 
actions for endangered species using information embedded in the Recovery Priority 
Numbers (RPNs) that are assigned to species during the listing process. RPNs coarsely 
summarise information on the potential for recovery (high, low), the degree of threat (high, 
moderate, low), and taxonomic distinctiveness (species, subspecies; USFWS, 1983). For a 
measure of the probability of species recovery in 50 years with management (&&!), the 
categorical potential for recovery was used. A value of 1 to &&! was assigned for species with 
high recovery potential and a value of 0.5 to those with low recovery potential. For a measure 
of the probability of species recovery in 50 years without management (&'!), the degree of 
threat, which captures information on the magnitude and immediacy of threats. Values of 
0.01, 0.34, and 0.67 were assigned to &'! for species with a high, medium, and low degree of 
threat respectively.  
There are two implicit assumptions here. First, we assume that a species with a high 
recovery potential will benefit more from management and have a higher probability of 
recovery in 50 years compared with a species deemed to have a low recovery potential. 
Second, we assume that a species with a high degree of threat is less likely to recover in 50 
years without management than a species that has a low degree of threat. Using these 
probability values for benefit with and without management resulted in five species with 
negative net benefit (when there was low potential for recovery and high threats); for these 
species, $! was set to 0.01.  
Many recovery plans represent only a single species and so the $! of the species is 
equal to the $! of the plan. We excluded some single species recovery plans because RPNs 
were not available. For multispecies recovery plans, we summed $! for all the species in the 
plan, such that multispecies recovery plans may have a benefit exceeding 1. Where RPNs 
were not available for a species in multi-species recovery plans, we assigned the average 
degree of threat and recoverability potential based on other species in that plan.  
 
Success  
The biodiversity benefit expected from implementing a recovery plan only manifests 
if recovery actions perform as expected. The probability of success term (+!) allows variation 
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in the expected success of recovery actions to be explicitly incorporated into the 
prioritisation. Probability of success for management plans can be elicited from managers, or 
quantified formally, and then included in the decision-making process (Joseph et al., 2009). 
However, no estimates of the success of management actions were available from published 
recovery plans. At a broad level, the implicit assumption of recovery plans is that if all 
actions are completed, the recovery of the listed species will succeed (i.e., +! = 1). To explore 
the influence of this parameter on decision guidance, we simulated possible lower +! values 
by selecting a random value from a uniform distribution ranging from 0.5 to 0.95 to represent 
the probability of success for each species. The lower bound for success (>0.5) based on the 
simplifying assumption that managers are not going to select management actions where they 
expect to fail more than half the time. Many recovery plans represent only a single species, 
and so the +! of the species is equal to the +! of the plan. For multispecies recovery plans, we 
averaged +! for all the species in the plan. 
 
Characterising the Influence of Simulated Uncertainty on the Decision Guidance 
Our objective was to simulate poor data quality by introducing uncertainty into 
parameter estimates (i.e., cost, benefit, and success) and characterising the influence on 
different levels of uncertainty on the decision guidance generated. In this way, we 
demonstrate how the robustness of conservation guidance to data uncertainty can be 
evaluated. We simulated uncertainty by introducing high, medium, and low levels of 
variability into estimates of cost, benefit, and success for each species within a recovery plan. 
Random draws were taken from distributions of these parameters with defined variances. For 
recovery plan cost estimates, we used a normal distribution with high (0.4), medium (0.1), or 
low (0.025) variance around the mean (Table 6.1).  
The benefit and success parameters are both bounded between 0 and 1. For these, we 
used beta distributions three levels of uncertainty: high (0.01), medium (0.005), and low 
(0.001) variance (Table 6.2). The three parameters were sampled 100 times for each 
uncertainty scenario (n = 9). As described above, to arrive at total cost, benefit and success 
for multispecies recovery plans we assigned success as the average for all the species in the 
plan, summed costs of recovery actions and summed benefit for all the species in the plan. 
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Each time, the efficiency of each recovery plan was re-calculated using Eq. 1; thus, we 
generated 100 ranked lists for each scenario. We then evaluated the influence of 
observational uncertainty on two types of decision guidance offered by the cost-efficiency 
algorithm (probability of inclusion in the funded portfolio, and expected conservation 
benefit).  
 
Table 6.1. Example of the simulated range of values for recovery plan total cost (i.e., 25th, 50th, and 
75th quantile) generated in uncertainty scenarios when random values are drawn from a normal 
distribution with low (0.025), medium (0.01) and high (0.04) variance around the mean. 
 
 
Uncertainty 
Cost Estimates 
$7,500 $20,000 $130,000 
Low variance (0.025) $6,438 - $8,769 $17,337 - $22,471 $112,593 - $145,451 
Medium variance (0. 01) $5,116 - $9,118 $15,464 - $25,482 $99,133 - $160,817 
High variance (0.04) $2,822 - $10,027 $10,276 - $30,315 $69,051 - $194,943 
 
Table 6.2. Example of the simulated range of values for benefit and success generated in uncertainty 
scenarios when random values are drawn from a beta distribution with low (0.001), medium (0.005) 
and high (0.01) variance. 
 
 
Uncertainty 
Benefit or Success Estimates 
0.25 0.50 0.75 
Low variance (0.001) 0.15 - 0.35 0.39 - 0.61 0.65 - 0.83 
Medium variance (0.004) 0.07 - 0.53 0.24 - 0.77 0.5 - 0.94 
High variance (0.01) 0.05 - 0.6 0.2 - 0.78 0.39 - 0.98 
 
Probability of Inclusion in Funded Portfolio 
The ranked order of recovery plans is the main decision guidance offered by the 
Recovery Allocation Explorer Tool. When estimates of cost, benefit, or success vary, the 
ranked order of plans may vary as well, provided the underlying parameter values are known. 
Thus, given a budgetary constraint, one effect of uncertainty is that it alters the optimal 
funded portfolio of recovery plans. As a measure of the effect of the uncertainty, the 
probability that each recovery plan will be included in the funded portfolio can be calculated.  
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We set an annual budget of $15,000,000 based on the expert input of workshop 
participants (J. Newman 2016, pers comm March 24). We also explored low and high annual 
budgets of $7,500,000 and $30,000,000, respectively, to evaluate whether outcomes were 
consistent if the budget were halved, or doubled. If the funded portfolios are robust to data 
uncertainty, there will be consistency in the inclusion or exclusion of recovery plans across 
scenarios. This would manifest as recovery plans having a consistent probability of inclusion 
of 100% or 0%. If the decisions are not robust to data uncertainty, then a portion of recovery 
plans will move in and out of the funded portfolio when uncertainty is introduced into 
parameter estimates. Thus, an indication of the influence of data uncertainty on the decision 
guidance is the proportion of recovery plans that have an intermediate probability of 
inclusion (i.e., in the 1-99% range). 
For each of three uncertainty levels introduced into the three parameters (cost, benefit, 
and success), we calculated the probability that each recovery plan was included in the 
funded portfolio for 3 budget treatments. This generated a total of 27 scenarios. For each 
scenario, we calculated the proportion of times a particular species recovery plan is in three 
categories. Recovery plans with 100% probability of being included in the funded portfolio 
we referred to as “robustly included.” Plans with a 0% probability of being in the funded 
portfolio we referred to as “robustly excluded.” If a recovery plan’s probability of being 
included in the funded portfolio is between 1% and 99%, it is in the set of plans for which 
uncertainty affects inclusion.  
Using one of the scenarios (high uncertainty in cost, with a $15M budget) we 
demonstrate how some recovery plans will be included in the funded portfolio even if they 
are not robustly included (i.e., probability of inclusion < 100%). We also illustrate how a 
decision-makers definition of “robustly included” influences the proportion of plans in each 
category. For example, the threshold for categorizing a recovery plan as “robustly included” 
could be adjusted such that plans that are in the funded portfolio 95%, 90%, 85%, 80% or 
75% of the time are considered robust. This is another way that a decision-maker could 
exercise their attitude to risk.  
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Expected conservation benefit 
In this case study, the objective of using a cost-effective approach to endangered 
species resource allocation is to fund a portfolio of recovery plans that maximises the 
expected conservation benefit, or the number of ‘saved species’ (Joseph et al., 2009; Tulloch 
et al., 2015). The conservation benefit of a decision to fund the recovery plans in the funded 
portfolio equals the sum of expected biodiversity benefit ($!) of those funded plans, 
multiplied by the probability of successfully completing those plans (+!), plus the sum across 
all species of the probability that the species would be secure in 50 years without 
management (&'!) (Eq. 3). Here, i is the identity of the plan in the funded portfolio and ,! is a 
decision variable, with a value of 0 or 1, that indicates whether recovery plan i is funded.  
-./0123456./	$1/1765 = 	8,!($!+!) +	+!*& 8&'! 	+!*& 													(3) 
To evaluate whether the decision guidance was robust to uncertainty in cost, benefit, 
and success, we examined the variance around the estimated conservation benefit in the 
$15M budget scenario. To calculate the variance in the conservation benefit of the funded 
portfolio, we calculated the expected conservation benefit of each scenario in the face of 
uncertainty. We used the baseline scenario (mean values for cost, benefit, and success, prior 
to the introduction of uncertainty) to identify the ‘optimal’ portfolio of recovery plans as if 
the mean values were ‘true’. Then for each scenario, we calculated the expected conservation 
benefit of that optimal portfolio using newly simulated values of benefit and success after 
uncertainty had been introduced.  
 
6.4 Results 
As a benchmark for comparison, we estimate the cost-effective prioritization of the ESA 
recovery plans without uncertainty would yield an expected conservation benefit of 458 
(35%) species ‘saved’ (i.e., meeting the recovery criteria for downlisting or delisting) after 50 
years given an annual budget of 7.5M, and 553 (42%) species saved for an annual budget of 
15M, and 624 (47%) species saved for an annual budget of 30M. Additional details on the 
characteristics of funded portfolios are available in Gerber et al. (2018). 
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Probability of Inclusion in Funded Portfolio 
Across all scenarios, most recovery plans were robustly included or excluded from the 
funded portfolio (i.e., 79% – 98% of recovery plans had a 100% or 0% probability of 
inclusion). Despite the relatively large variation in parameters (Table 6.1, 6.2), uncertainty 
affected inclusion in the funded portfolio for only a small proportion of plans (i.e., probability 
of inclusion 1% - 99%; Figure 6.1). The proportion of plans affected by uncertainty was 
highest in scenarios where we simulated highly uncertain data by introducing the highest 
levels of variability into parameter estimates. Across the scenarios explored, larger annual 
budgets always corresponded to a greater number of plans being robustly included the funded 
portfolio, regardless of the uncertainty scenario (417 ± 11.8 SD plans robustly included in 
$30M budget treatment compared to 280 ± 28.1 SD in $7.5M budget treatment).  For any 
scenario, the probability that a given recovery plan will be included in the funded portfolio 
can be viewed graphically (Figure 6.2) or as a table of values (Appendix B Table S6.1).  
Figure 6.1 Decisions about which recovery plans to include in the funded portfolio are robust to 
uncertainty because a large proportion of plans are in the funded portfolio in 100% of simulations 
(robustly included), or in 0% of simulations (robustly excluded). The proportion of recovery plans 
that are affected by uncertainty (probability of inclusion 1% - 99%) is influenced by the magnitude of 
uncertainty and the amount of available funding. 
 
The recovery plans in the ‘affected by uncertainty’ category pose a conundrum to 
the decision-maker—in the absence of more information, it is not clear which recovery 
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plans are efficient to include in the funded portfolio. Any selection of plans in that 
category carries a risk of being less efficient and thus undermining the achievement of the 
decision-makers objectives. The decision-maker, faced with this risk, could exercise their 
risk attitude (e.g., risk averse, risk neutral, risk seeking) by changing the definition of 
‘robustly included’ and ‘robustly excluded’. For example, reducing the threshold of 
inclusion required for the ‘robustly included’ category would be an increase in the number 
of recovery plans in that category, and a concomitant reduction in the number of recovery 
plans in the ‘affected by uncertainty’ category (Figure 6.3).  
 
Figure 6.2 In a scenario with high uncertainty in benefit and a $15M annual budget (black line), the 
probability of funding for each of 545 recovery plans shows a sigmoidal relationship. Plans with a 
probability of being in the funded portfolio 100% of the time are designated as ‘robustly included’. A 
subset of recovery plans will be in the funded portfolio even though they are not robustly included or 
excluded (i.e., probability of inclusion 1% - 99%).   
 
Expected conservation benefit 
The objective of using a cost-effective approach to endangered species resource 
allocation is to fund a portfolio of recovery plans that maximise the expected conservation 
benefit, in this case, the number of ‘saved species’ (Tulloch et al., 2015). The conservation 
benefit of a decision to fund the recovery plans in the funded portfolio equals the sum of 
expected biodiversity benefit ($!) of those funded plans, multiplied by the probability of 
successfully completing those plans (+!), plus the sum across all species of the probability 
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that the species would be secure in 50 years without management (&'!) (Eq. 3). Here, i is the 
identity of the plan in the funded portfolio and ,! is a decision variable, with a value of 0 or 
1, that indicates whether recovery plan i is funded.  
-./0123456./	$1/1765 = 	8,!($!+!) +	+!*& 8&'! 	+!*& 													(3) 
To evaluate whether the decision guidance was robust to uncertainty in cost, benefit, 
and success, we examined the variance around the estimated conservation benefit in the 
$15M budget scenario. To calculate the variance in the conservation benefit of the funded 
portfolio, we calculated the expected conservation benefit of each scenario in the face of 
uncertainty. We used the baseline scenario (mean values for cost, benefit, and success, prior 
to the introduction of uncertainty) to identify the optimal portfolio of recovery plans. Then, 
for each scenario, we calculated the expected conservation benefit of that optimal portfolio 
using newly simulated values of benefit and success after uncertainty had been introduced.  
 
Figure 6.3 The fraction of recovery plans in each of three decision categories, as a function of the 
thresholds used to define whether plans are robustly included in the funded portfolio, robustly 
included, or uncertain. One approach is to assign the decision guidance ‘robustly included’ to only 
those plans that are in the funded portfolio in 100% of simulations, but this threshold could be varied. 
In a scenario with high uncertainty in benefit and a $15M annual budget, the proportion of ESA 
recovery plans in the ‘affected by uncertainty’ category decreases as the inclusion threshold is 
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reduced from 100%. This is shown as compared to the baseline scenario, where no simulated 
uncertainty was introduced.  
  
For the medium budget scenario, the mean expected conservation benefit was 553 out 
of a total possible conservation benefit of 864. The standard deviations across uncertainty 
scenarios were small (0.55 – 2.1) indicating that the influence of uncertainty on the expected 
conservation benefit of the optimal funded portfolio was negligible in this case study (Figure 
6.4, Appendix Table S6.1). The scenarios where we introduced uncertainty into the benefit 
and success parameters yielded the larger confidence intervals than when scenarios where 
uncertainty was introduced into cost estimates because cost is not used to calculate 
conservation benefit (Eq. 3).  
 
Figure 6.4 An illustration of how the variation in conservation benefit arising from simulated 
uncertainty can be examined. For each scenario in this graph, we calculated the expected conservation 
benefit of that baseline portfolio (i.e., without uncertainty) using simulated values of benefit and 
success after uncertainty had been introduced. Here, the small confidence intervals around 
conservation benefit (± SD) shows that uncertainty in estimates of benefit or success has a negligible 
effect on the expected conservation benefit of the optimal portfolio of recovery plans that could be 
afforded for an annual budget of $15M. There is no variation around conservation benefit when 
uncertainty is introduced into estimates of costs because cost is not used to estimate the conservation 
benefit of the optimal portfolio.  
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6.5 Discussion 
Explicitly incorporating uncertainty associated with data into decision support tools 
used for conservation planning will increase the likelihood that decision support tools will be 
used by decision-makers and so will increase the chances of successfully achieving 
management goals (Addison et al., 2013; Halpern et al., 2006). It also allows interrogation 
when resolving uncertainty will improve management prospects (Moore and Runge, 2012). 
Here we used a recently developed cost-effective resource decision support tool designed to 
improve recovery of US endangered species (Gerber et al., 2018) to characterise, explore and 
visualise the impact of data uncertainty on prioritization and the expected conservation 
benefit of cost-effective decisions.  
The influence of uncertainty on the prioritization was explored by quantifying 
whether the inclusion of recovery plans in the optimal portfolio was robust to the introduction 
of uncertainty into parameter estimates. If the simulated uncertainty had undermined the 
decision about which recovery plan to prioritise, we would have seen a large proportion of 
the recovery plans move in and out of the optimal portfolio with small changes in parameters. 
Instead, we found that the process delivers unambiguous guidance – with the majority of 
plans being robustly included or excluded from the funded portfolio. Overall, we found that 
the decision guidance offered by the prototype Resource Allocation Explorer Tool for cost-
effective recovery of US endangered species was robust to uncertainty in the parameter 
estimates (see Uncertainty Simulations tab: https://shiny.sesync.org/apps/RecoveryExplorer/).  
Specifically, we found that simulating relatively large levels of uncertainty had a negligible 
impact on the identity of prioritised recovery plans within a funded portfolio over various 
budget scenarios. Our conclusion is that the expected conservation benefit based on these 
recovery planning data is relatively robust to data uncertainty.  
The objective of developing a tool that explores cost-effective resource allocation 
scenarios is to support transparent decision-making that will maximises conservation 
benefits. In this case study, we found that across all scenarios, the uncertainty in estimates of 
benefit and success had little influence on the expected conservation benefit of the optimal 
funded portfolio. Uncertainty in cost estimates had no influence on the expected conservation 
benefit of the funded portfolio because it is not included in the calculation of conservation 
benefit (Eq. 3). This outcome would suggest that managers can be confident that allocating 
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resources to recovery plans prioritised based on cost-efficiency is likely to generate the 
expected conservation benefits (i.e., there is a good match to the programs stated objective).  
In this study, we only explore the sensitivity of decision guidance to data uncertainty 
using simulated values. Our highest uncertainty scenario reflected a situation where the 
categorical assignment of recoverability potential and degree of threat for a given species was 
essentially unknown, and cost estimates varied up to 20%. In simulating uncertainty, we 
applied the same maximum level of uncertainty to each recovery plan. This assumes there 
were no biases in data uncertainty across recovery plans; however, possibilities for biases 
exist. For example, taxonomic biases may exist regarding the state of knowledge about the 
biology, pressures, or management techniques for a species. Policy guidance in place at the 
time of recovery plan development may influence the comprehensiveness of plans, or how 
the costs were estimated. Our analysis does not address the possible influence of these biases 
on the decision guidance. To do so would require the collection of confidence intervals 
around estimates or action cost, benefit, and success during recovery plan development, or 
subsequently via expert elicitation (Hemming et al., 2018). 
Expert elicitation is a well-established field of study (Martin et al., 2012; Runge et al., 
2011). Expert elicitation of success, benefit and uncertainty estimates could refine the 
development of this prototype. We recognise that the use of Recovery Priority Numbers to 
derive estimates of recovery potential may not accurately reflect the probability of persistence 
with or without management. According to RPN guideline documents, recovery potential 
integrates three types of information: 1) how well the biology and ecological factors limiting 
the species population are understood; 2) how pervasive and easily alleviated the threats are, 
and 3) the intensity and probability of success of required management. This conflates several 
factors, and expert elicitation of estimates of the probability of extinction without 
management would be a more suitable method. Another refinement of the prototype would be 
to involve a dynamic temporal analysis that optimises projects based on start-up costs and an 
understanding of how extinction rises if the implementation of recovery actions were to be 
delayed. This approach could provide important information that affects how uncertainty is 
handled because the cost of delay associated with gathering more data could be incorporated. 
As it is presented now, we have calculated which projects are robustly included or excluded 
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from the funded portfolio based on the selected budgets and a 50-year cost estimate, but we 
have not taken into account the consequences of the timing of investment. 
Although we found that decision guidance was robust to high levels of simulated 
uncertainty, it is important to recognise these findings are specific to the underlying structure 
data. If a sensitivity analysis had revealed that the decision guidance was not satisfactorily 
robust, options would still remain. If the decision-maker could delay the funding decision 
until more data could be collected, then the uncertainty could be reduced or resolved, and the 
optimal set of plans would be known. If the decision-maker cannot delay the decision, then 
the choice of plans to fund carries some risk that a less than the optimal suite of recovery 
plans may be funded. For a risk-neutral decision-maker, the optimal portfolio in the face of 
uncertainty maximises the expected conservation benefit and should be chosen. If the 
decision-maker is not risk neutral, a full risk analysis, taking account of risk tolerance, could 
be undertaken (Tulloch et al., 2015). A third option would be to narrow the range of decision 
uncertainty by choosing a different threshold for defining the “robustly included” plans 
(Figure 6.3), fund those plans, then delay a decision about the remaining plans until more 
information could be gathered. A value of information analysis could be used to evaluate 
whether improving data quality is likely to change the decision guidance in a way that would 
yield significantly better conservation outcomes (Canessa et al., 2015), as has been 
demonstrated in numerous examples (Maxwell et al., 2015; Runge et al., 2011). There are 
many advantages to using structured, transparent and cost-efficient decision support tools to 
guide complex decisions (Runge, 2011) but ultimately, tools such as the Recovery Allocation 
Explorer Tool (Gerber et al., 2018) are intended to provide decision support, not a 
prescription. Decisions about plans to prioritise funding will depend on the decision maker's 
values and attitude towards risk.  
 
6.6 Conclusion  
In the present climate of increasing species extinctions and inadequate conservation 
funding, making efficient conservation decisions is of utmost importance. Here we have 
conducted a sensitivity analysis and answered the question “Is decision support about 
resource allocation robust to data uncertainty?” For this case study, we demonstrate an 
approach that suggests that both the identity of endangered species recovery plans in the 
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funded portfolio and the expected conservation benefit are surprisingly robust to simulated 
uncertainty in estimates of cost, conservation benefit, and the probability of success.  These 
findings are specific to the underlying structure of the data and to the specific definition of 
benefit used herein, so the results of this study should not be generalised to all cost-efficiency 
prioritizations. Rather, it is the approach that is broadly useful for exploring and visualizing 
the influence of uncertainty, which can help conservation organizations or agencies to make 
informed decisions. Those wishing to use cost-effectiveness analyses to inform prioritization 
decisions can alleviate concerns about data quality by conducting similar sensitivity analyses.  
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7 Discussion 
 
7.1 Overview  
Seabirds are useful indicators of change in marine ecosystems. Plastic ingestion 
studies in seabirds can detect, monitor and characterise environmental plastic, and can help to 
elucidate levels of exposure, and potential impacts on wildlife health. My thesis contributes 
to (Chapter 2, 3) and integrates (Chapter 4, 5) a growing body of literature on plastic 
ingestion in seabirds. It suggests that plastic ingestion is already ubiquitous across the full 
phylogeny of seabirds (Chapter 5), meaning that at least some individuals from every 
species have already ingested plastic debris. Of course, conservation demands that we do 
more than document the extent of a threat – it requires solutions. That is why my thesis also 
considers how to better link plastic ingestion research to conservation management through 
identifying critical directions for future applied research and a need for improved cross-
sectoral communication (Chapter 4) and by identifying understudied species that are likely 
to be particularly vulnerable to plastic ingestion (Chapter 5). More efficient use of resources 
is essential because biodiversity today faces a litany of threats, and conservation is sorely 
underfunded (McCarthy et al., 2012). The benefit of plastic pollution research and 
monitoring, and of actions to address the root causes of plastic pollution, can be increased by 
considering cost-effectiveness when deciding where to act first. However, our collective 
understanding of plastic pollution as a threat to biodiversity is rife with uncertainty. Because 
we are rarely if ever working in a situation of perfect information, straightforward approaches 
for dealing with uncertainty in a conservation decision-making context are critical (Chapter 
6). In this review, I highlight the key discoveries made by my thesis, illustrate emergent 
themes, discuss some of the underlying limitations and make suggestions for future research. 
I will also reflect upon how my thesis has contributed to the growing body of evidence that is 
motivating policy changes to address plastic pollution.  
 
7.2 Scientific Advances & Conservation Implications  
Theme 1: Detection, quantification and characterise of plastics in the environment 
One of the themes that underlie the studies in my thesis is the importance of 
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standardising the detection and characterisation of plastics. This theme is important because a 
better understanding of the distribution, abundance and characteristics of plastics in the 
environment can reveal hotspots of pollution (Eriksen et al., 2014) and help to identify 
potential pollution sources (Jambeck et al., 2015). Such information can inform waste 
management strategies (e.g., Chen and Liu, 2013; Henry et al., 2006; Pettipas et al., 2016; 
Rochman, 2016) and ocean cleanup (Brambini et al., 2017; Dommergues et al., 2017). 
Methods to sample plastic pollution include beach surveys, at-sea surveys, and the use of 
biological monitoring species. Each method has benefits and drawbacks (See review by Ryan 
et al., 2009a). As biological monitors, seabirds that forage on or near the ocean surface ingest 
prey and plastic debris over large areas. This means that the stomach contents of these birds 
can integrate information about small-sized plastic pollution over a large area in a relatively 
cost-effective manner. 
In Chapter 2, I  used the Northern Fulmar to detect, quantify and characterise plastic 
pollution in the Labrador Sea, which is a significant region for many marine species, 
including seabirds (Fifield et al., 2017). This was done according to standardised methods 
(van Franeker et al., 2011) – for example, the proventriculus and gizzard were excised and 
rinsed over a 1mm sieve, and plastic pieces were characterised as industrial or user plastics 
(i.e., threads, fragments, foam or sheet plastic) under a microscope. I put observed levels of 
plastic ingestion from this relatively remote region into a global context by comparing 
observed plastic loads to the Ecological Quality Objective of the North Sea and to other 
regions where ‘snapshot’ baseline studies have occurred. I discovered that Northern Fulmars 
contain more plastic in the Labrador Sea (EcoQO: 39%) than do those in the Arctic to the 
north, but less than beached Fulmar collected in the south on Sable Island (66%; Avery-
Gomm et al., 2018). This discovery suggests that plastic pollution in the Labrador Sea 
exceeds the EcoQO marine litter target for acceptable ecological quality (OSPAR, 2008). 
However, to accurately monitor trends in plastic pollution, to test the effectiveness of 
forthcoming policies to address plastic pollution (van Franeker et al., 2011), and test the 
hypothesis that the Arctic will become another accumulation zone (Cózar et al., 2017) will 
require clearly stated objectives, a standardised methodology, regular sampling and sufficient 
sample sizes (Provencher et al., 2015; Ryan et al., 2009). Resolving some of the uncertainties 
related to at-sea foraging distributions before the birds are collected and retention time of 
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ingested plastics will also improve interpretation of results (see section 7.3 below).  
The types of plastic found in the stomachs of seabirds can sometimes reveal 
information about the origins of plastic debris and help to identify sources that are candidates 
for waste management interventions. In Chapters 2 and 3, I characterise plastics ingested in 
Northern Fulmar and Dovekie and found that in both cases the bulk of ingested plastics were 
broken down fragments of consumer, commercial or industrial goods 1-20 mm in size. The 
second most common type of plastics in both studies were threads. Presumably, these threads 
derive from commercial fishing lines and nets made of nylon and polypropylene. 
Serendipitously, the stomach contents of wrecked Dovekies revealed an unexpected source of 
plastic pollution: incinerated garbage. More than a quarter of the plastics ingested by sampled 
birds appeared partially burnt or melted. Likely these burned plastics originated from coastal 
waste disposal sites (e.g., open burning shoreline garbage burn piles or incineration in 
outdated facilities (Government of Newfoundland and Labrador, 2014), or from waste 
incinerated on fishing vessels (Chen and Liu, 2013).  
Even though developing countries are credited with the lion’s share of responsibility 
for marine plastic pollution (Jambeck et al., 2015) these results suggest that remote 
communities in developed countries are also contributing to marine plastic pollution due to 
poor waste management. This study is relevant to decisions currently being made by 
provincial and municipal jurisdictions in Newfoundland, where the implementation of a 2002 
Provincial Solid Waste Management Strategy has been slow (Government of Newfoundland 
and Labrador, 2002). A key goal of the strategy was to eliminate open burning and antiquated 
incineration facilities by centralizing waste management in all but the most remote regions. 
However, the cost of transporting waste to the two waste disposal facilities has proved 
prohibitive and many incinerators are still in use (Government of Newfoundland and 
Labrador, 2017). The results of this paper have been shared with the Newfoundland 
Department of the Environment to highlight that open burning and the incinerators currently 
in use are likely contributing to the marine plastic pollution problem. 
The purpose of a standardised method for quantifying plastic ingestion is to facilitate 
temporal and geographical comparisons between studies. The long-term OSPAR monitoring 
program of Northern Fulmar from the North Sea has provided a de-facto standardised method 
for quantifying and characterising plastics. In Chapter 3, I used these methods to quantify 
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plastic ingestion in Dovekie collected as part of a wrecking event that left hundreds of birds 
beached in bays on Newfoundland’s northeast coast. The original intent of the study was to 
conduct a spatial comparison, comparing results from Chapter 3 to a nearby study by Fife et 
al. (2015). Instead, the main contribution of this paper was to emphasise the importance of 
adhering to standardised methods because results from the two studies could not be compared 
due to differences in how stomach samples were processed. First, although both studies 
examined stomach contents visually under a microscope, Fife et al., (2015) examined only 
the gizzard, not the proventriculus, whereas I examined both, as per standardised protocols 
(van Franeker et al., 2011). By only quantifying plastic in the gizzard, the previous study may 
have underestimated the frequency of occurrence of plastic ingestion, mass and number of 
plastics ingested by Dovekies. Second, I rinsed the samples over a 1 mm sieve to achieve a 
standardised smallest particle size, whereas Fife et al. (2015) did not. I suggest that the 
disparity in frequency of occurrence of plastic ingestion between these two otherwise similar 
studies was more likely due to a difference in methodology than regional differences.  
Ultimately, the study presented in Chapter 3 motivated the development of a review 
paper that outlines and promotes the use of standardised methods for sampling and reporting 
of plastic ingestion in megafauna with the aim to “harmonise the data that are available to 
facilitate large-scale comparisons and meta-analyses of plastic accumulation in a variety of 
taxa” (Provencher et al., 2017). This 2017 publication has already been cited 74 times, which 
indicates how well accepted it has become. Researchers working with whole birds or diet 
samples can contribute to our collective understanding of seabird plastic ingestion, but it is 
essential that standardised methods are followed so that rigorous spatial and temporal 
comparisons are possible. 
Theme 2: Understanding exposure, occurrence and impacts of plastic in wildlife  
As discussed in Chapter 4, studying plastic ingestion is important because properly 
characterising both exposure and hazard is essential for identifying subpopulations at risk of 
reaching a level of exposure where adverse effects may occur. Studying plastic ingestion can 
also reveal how plastics travel through the environment to organisms, and through food webs, 
as revealed in Chapters 3 and 5. In Chapters 2 and 3, I present discoveries about plastic 
ingestion in Northern Fulmar and Dovekies in Canada. In both cases, plastic ingestion 
(frequency of occurrence, mean plastic load, mean plastic number) was higher than originally 
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hypothesised. My findings for Northern Fulmar have already been discussed above. For 
Dovekies, 30.4% of sampled birds had ingested plastic debris, which is higher than in other 
alcid species in Newfoundland (Bond et al., 2013; Muzaffar, 2009; Provencher et al., 2014), 
including Common murre (Uria aalga), Thick-billed murre (U. lomvia), Razorbills (Alca 
torda), or Atlantic puffins (Fratercula arctica). I show in Chapter 5, using phylogenetically 
informed predictions, that plastic ingestion in this sample of Dovekies from Newfoundland is 
near the upper end of the predicted range (0.1% - 31.3%). As discussed in Chapter 2, the high 
level of plastic ingestion observed in Dovekies could indicate particularly high local-source 
plastic pollution as is discussed in Chapter 2 and below (Section 7.3).  
Chapters 2 and 3 provide local-scale insight, but they still represent narrow insights into 
plastic ingestion. In Chapter 5, I move beyond regionally or taxonomically-focused studies to 
elucidate the underlying determinants of plastic ingestion and predict the present-day 
vulnerability of all seabird species using the largest (soon to be public) database of seabird 
plastic ingestion. From that analysis, I conclude it is likely that some individuals of all seabird 
species have ingested plastic debris, i.e. that plastic ingestion is now ubiquitous across seabird 
species. Although some media coverage of past publications already makes that claim based 
on an earlier study of pelagic species (Wilcox et al., 2015), this study provides the first 
compelling evidence across all seabirds. Chapter 5 identified several unstudied species that are 
globally endangered, and are predicted (with high confidence) to have a high frequency of 
occurrence of plastic ingestion. Thus, the results could direct research efforts towards those 
vulnerable species. Already, the analysis from this Chapter is informing research into 
monitoring priorities for Canadian and Arctic species (J. P. Provencher 2019 pers. comm., 8 
August).  
A challenging knowledge gap to address is the relevance of individual-level impacts at 
the level of populations or assemblages. Some of the reasons for this are discussed in Chapter 
4; principal among them is that most plastic ingestion studies seek to infer sub-lethal impacts 
based on correlations. In my study of northern Fulmar and Dovekies, it was difficult even to 
speculate on whether the animals experienced adverse effects from their plastic loads before 
death as I found no correlation between plastic load and body condition in either study.  In 
Chapter 3, I took the opportunity to use histological methods to characterise what I observed 
to be gastric lesions. This was significant because of the few seabird plastic ingestion studies 
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that actually quantified ulcers (Pettit et al., 1981; Ryan and Jackson, 1987; Sievert and Sileo, 
1993; Pierce et al., 2004), only one study has previously employed histological methods to 
identify them (Fry et al., 1987).  I discovered that none were of clinical significance, nor were 
they associated with ingestion of a foreign substance, such as plastic. Thus, although gastric 
injuries may occur because of plastic ingestion, Chapter 3 recommends that experts, such as 
veterinarians, familiar with wildlife health and histological methods rigorously characterise 
the observed gastric ulcers and lacerations thought to be a result of plastic ingestion to avoid 
over-estimating physical impacts. In the future, other clinical approaches, including using 
blood chemistry parameters, could help to identify other correlated sub-lethal effects (Lavers 
et al., 2019).  
Trophic transfer of plastic pollution is an emerging area of interest (Nelms et al., 2018; 
Provencher et al., 2018a). As I demonstrated in Chapter 5, seabird species that predate other 
seabirds, carrion and tetrapods, have a high predicted frequency of occurrence of plastic 
ingestion. The trophic transfer of plastics may also be relevant to humans, who ingest food 
contaminated by plastic. The implication here is that birds that ingest plastic may also 
accumulate plastic-related contaminants, and then pass these on to predators, including 
humans (Carbery et al., 2018; Revel et al., 2018). This could be relevant to northern 
communities for whom Dovekies are a significant resource (Mosbech et al., 2018), but seems 
unlikely given the relatively high contaminant burdens in other country foods such as whales 
and seals (Bakir et al., 2016; Singh and Chan, 2018). Also, as the most abundant seabird 
species in the world, this small auklet may act as a vector for contaminant transfer into 
coastal ecosystems through their guano, as has been reported for Northern Fulmar 
(Provencher et al., 2018c).  
 
Theme 3: Making better monitoring & management decisions in the face of uncertainty 
Planetary health is threatened in many ways (Demaio and Rockström, 2015; 
Villarrubia-Gómez et al., 2018).  Effective conservation actions are those that have a high 
chance of restoring the natural balance of earth systems.  Unfortunately, conservation is 
sorely underfunded (McCarthy et al., 2012). This has motivated the development of decision-
theoretic approaches to the conservation field that prioritise among options and identify the 
most cost-efficient strategies for achieving conservation targets (Game et al., 2013). It is 
 
 
 
 
 
 
 
 
 
 107 
common for applied ecologists (including me in earlier days) to advocate further research 
under the assumption that obtaining more information - and reducing uncertainty - will lead 
to better decisions and better outcomes for nature. That is not always the case. In some cases, 
collecting more data and reducing uncertainty will not further improve the conservation 
benefit of a decision-making process (Maxwell et al., 2015).  
This idea is illustrated in Chapter 6, which demonstrates how the influence of data 
uncertainty on a conservation resource allocation problem can be investigated – as a 
component of the Resource Allocation Explorer tool which was designed to support cost-
effective recovery plan implementation for endangered species in the USA (Gerber et al., 
2018). Specifically, I explore how uncertainty about estimates of cost, benefit and feasibility 
of actions needed to recover endangered species influenced resource allocation prioritisation 
for recovery plan implementation. Ultimately, I recommend that when the decision is robust 
to uncertainty, it is better to prioritise management over-investing in reducing uncertainty. On 
the other hand, if the decision is highly sensitive to uncertainty, the recommendation would 
be to invest some capacity in conducting a value-of-information analysis (Canessa et al., 
2015; Maxwell et al., 2015; Mazor et al., 2016; Moore and Runge, 2012).  
Consideration of uncertainty has relevance to the issue of plastic pollution and decisions 
about how to address it. Although the higher-order impacts of plastic ingestion remain 
uncertain, there is already strong evidence that plastic pollution has a negative impact on the 
environment (Rochman et al., 2016). Thus there is enough evidence to justify taking a 
precautionary approach, by beginning to mitigate the hazards of plastic pollution now before 
there is irreversible harm (Rochman et al., 2013a). Recent actions to address plastic pollution 
include single-use plastic bans in many jurisdictions. Amendments to the Basel Convention 
which establishes a legally-binding framework that will improve the capacity of 
approximately 180 countries to prevent, minimise and properly manage marine plastic litter 
(BRS Conventions, 2019). The recent Oceans Plastic Charter recognizes the need for urgent 
action by all sectors, including product design, recovery and recycling targets, and a 
commitment to reduce unnecessary of single-use plastics (Ocean Plastics Charter, 2018). 
When it comes to monitoring the effectiveness of such actions at reducing small-sized marine 
plastic pollution, Chapter 2 makes recommendations for using Northern Fulmar to monitor 
marine plastic in Canada. Although there is uncertainty about the geographic area that the 
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birds’ stomach contents may truly represent this may not matter depending on the monitoring 
objectives and the spatial scale of a monitoring program. Thus, further work to resolve this 
uncertainty may not be necessary prior to chosing this species to monitor plastic pollution. 
Ultimately, this PhD has caused me to revisit my initial assumption that further research to 
resolve uncertainty will always lead to improved conservation outcomes.  
 
7.3 Limitations & Future Directions  
In this section, I identify limitations common to multiple chapters of my thesis. Some of the 
opportunities for future research naturally follow on from limitations identified in my thesis, 
so they are presented together.   
 
Challenges in time: Historical inconsistency in methods for sampling and reporting plastic 
ingestion 
 One of the themes underlying the research presented in my thesis is that harmonising 
the way that data are collected and presented is essential. This was illustrated in Chapters 2 
and 3. Moving forward, improving the consistency of methods to study plastic ingestion will 
help detect large-scale spatiotemporal patterns in plastic pollution, and can also facilitate 
taxonomic comparisons. As described in Section 7.5 below my thesis, and two of the papers I 
have co-authored during my PhD (Provencher et al., 2019, 2017), have contributed towards 
resolving the methodology issues hampering plastic ingestion research. Unfortunately, 
inconsistent methods are a limitation for Chapter 5, which uses plastic ingestion from the past 
six decades to make predictions about the frequency of plastic ingestion across the full 
phylogeny of seabirds. There is no doubt that the way seabirds are sampled (i.e., gut content 
analysis, lavage or regurgitation, bolus or pellets), where they are collected (e.g., collected at 
the colony or at-sea, bycatch from commercial fisheries, beached birds), and how plastics 
from samples are processed (i.e., visually or with a 1mm sieve) can influence the results that 
are reported (Provencher et al., 2019; Rodríguez et al., 2018). Variable methods introduce 
measurement uncertainty, and so the estimates of plastic ingestion in past studies may be over 
or underestimated. My inability to account for how, where, and by what method plastic 
ingestion was assessed in some of the earlier studies limited the ability to include this as a 
factor in the analysis, and may have contributed to the large credible intervals for many 
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species. Future studies could explicitly test the influence of methodology on predictions for a 
subset of the global dataset that will be published alongside Chapter 5.  
 
Challenges in space: Non-breeding at-sea foraging distributions, retention time and 
exposure  
At-sea models of plastic pollution can be used to predict the exposure of vulnerable 
seabirds to plastic, and the stomach contents of certain biological monitoring species, like the 
Northern Fulmar, can be used to detect trends in plastic pollution. However, both require an 
understanding of the foraging area of birds prior to being sampled, and the retention time of 
plastics. A lack of knowledge about the area over which the plastic contents of seabird 
stomachs is a limitation common to Chapters 2 and 3, as well as a limitation common to most 
of the studies synthesised in Chapter 5. This limited my ability to model the exposure of birds 
to marine plastic debris.   
During the breeding season, seabirds are central place foragers: the distance breeding 
birds can travel is constrained by the maximum range for foraging trips because both partners 
participate in incubation, brooding and feeding the chick (Mallory, 2009). During the non-
breeding season, seabirds may stay in one area or may range widely (e.g., Arctic tern; 
Egevang et al., 2010). In Chapter 2, Northern Fulmars were collected during the breeding 
period, but it was not possible to distinguish between active breeders and failed breeders. If I 
had been able to identify that sampled birds were actively breeding then I could have 
estimated the maximum foraging range of sampled birds based on the length of foraging trips 
and the maximum foraging range. In Chapter 3, Dovekies were sampled in the non-breeding 
season. While the winter at-sea distribution of Dovekies on the Grand Banks and in the 
Labrador Sea has been studied (Fifield et al., 2017, 2009; Fort et al., 2013), little is known 
about their fine-scale foraging movements. As a result, I can only speculate on the possible 
source of the burned and melted garbage they ingested. Particularly in the case of Northern 
Fulmar, further study of the non-breeding distribution of birds from colonies across their 
range (e.g., Fort et al., 2013; Hatch et al., 2010), could improve the robustness of inferences 
made about marine plastic pollution based on their stomach contents. That said, it is 
imperative to carefully consider whether collecting further animal movement data will be 
worth the time and money required to collect it in terms of delivering conservation outcomes 
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(McGowan and Possingham, 2016). 
 Retention time refers to the period between plastic ingestion and excretion or 
expulsion, and we need to understand it before we can link gut content studies with the area 
over which a bird forages. After ingestion, plastic debris may be mechanically broken down 
into particles small enough to pass through the intestines. Alternatively, ingested plastic may 
be regurgitated with other indigestible items as a bolus or pellet. Estimating retention time is 
a complex endeavour, that is likely dependent on factors including the characteristics of the 
ingested debris, gastric physiology and anatomy, the propensity of a species to regurgitate, 
and intergenerational transfer (Ryan, 2015a). In Chapter 2, I discussed that evidence for 
Procellariformes is conflicting with some studies suggesting that ingested plastics may be 
retained in the gizzard for 1 to 12 months, with an average of 4 months being likely 
(Provencher et al., 2017; van Franeker and Law, 2015), and others suggesting a much longer 
time frame is likely (Ryan, 2015a). If retention times are protracted, then the area over which 
Northern Fulmar potentially foraged increases – and my results are better interpreted as 
integrating information about plastic pollution for the entire western North Atlantic, rather 
than the Labrador Sea specifically. Some seabird taxa readily regurgitate indigestible items 
(e.g., gulls, terns, skuas, albatrosses and great petrel), and so may retain less plastic than 
seabird species which generally do not regurgitate indigestible items. Unfortunately, 
information about the tendency of different species to regurgitate is patchy, limiting my 
ability to use this information to inform the predictions in Chapter 5 without relying upon 
taxonomic associations - which were already captured in the phylogenetic model. Some 
studies have experimentally explored retention time (e.g., Ryan, 1988; Votier et al., 2001). 
Additional studies directly measuring the retention times of plastic particles in the stomachs 
of Northern Fulmars and other species would help to resolve uncertainty about the potential 
foraging area of sampled birds and so improve the interpretation of past and future plastic 
ingestion data as an indicator of environmental pollution. 
 In Chapter 5, I predict the present-day frequency of occurrence of plastic ingestion in 
345 species of seabirds based on key traits: diet, foraging method, age class and phylogeny. 
This was informed by a broad analysis of observed loads of plastic ingestion in previously 
sampled birds. However, I did not include exposure to plastic pollution as a variable in my 
analyses even though it is intuitive that high encounter rates will likely yield high levels of 
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plastic ingestion. This is because many of the earlier studies that I collated data from to build 
my global seabird plastic ingestion database did not report where the birds were collected. 
One option for overcoming this limitation – which has been employed elsewhere for a subset 
of pelagic species (Wilcox et al., 2015) – would have been to use global seabird range maps 
and published maps of the density of small-sized plastic pollution to model exposure. I chose 
not to pursue this approach because of the presence of inshore and coastal species in my 
study and doing so would have introduced a new set of challenges and limitations. Research 
to refine an approach to estimating exposure for more coastal species in the future could 
improve understanding of the spatial overlap of foraging areas and plastic pollution, and thus 
help to estimate exposure and improve the precision of plastic ingestion risk predictions for 
seabirds broadly.  
 
Challenges due to Uncertainty 
Plastic pollution is one of many threats to marine organisms. The current uncertainty 
about how the complex interactions of physical and toxicological sub-lethal impacts will 
interact with other threats and translate to impacts at higher levels of organisation (e.g., 
species, communities) is unlikely to ever be fully resolved. So, while science is needed to 
quantify and characterise plastic pollution, and to understand wildlife exposure, plastic 
ingestion occurrence and impacts, approaches that can inform better monitoring & 
management decisions in the face of uncertainty are needed (Wilson et al., 2007). Decision 
science can help to prioritise conservation actions for maximum benefit under uncertainty 
(i.e., cost-effectiveness analysis, value of information analysis; Canessa et al., 2015; Joseph et 
al., 2009). The purpose of Chapter 6 is to illustrate that data uncertainty does not always 
preclude cost-effective decision making - using a decision-science problem involving the 
prioritisation of funding for threatened species recovery. This study was successful as a test 
case, but limited available data hampers its real-world application. The data for this study was 
collected from published Recovery Plans. These lacked data on the benefit of completing 
actions to the probability of persistence of species, so we used information from Recovery 
Plan numbers as a proxy. In addition, we lacked data on the feasibility of actions, so we 
generated random numbers. Finally, we lacked measures of uncertainty around the estimate 
of cost, benefit and feasibility, so we randomly generated these as well. As a result of these 
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data limitations, the decision support provided by the tool (Gerber et al., 2018), and the 
relevance of the uncertainty analysis conducted in Chapter 6 cannot be used to support real-
world decisions at this time. However, this study did serve to start a conversation about cost-
effective resource allocation and demonstrate how to evaluate the need to elicit uncertainty, 
which is much needed (Gerber, 2016). Future development of this tool in the United States 
and elsewhere would benefit from adopting some of the advancements developed in Australia 
(Brazill-Boast et al., 2018) and New Zealand (Joseph et al., 2009). Chief among them is the 
inclusion of spatial data on actions so that costs can be shared, expert eliciting estimates of 
feasibility and benefit, considering the needs of migratory species compared to sedentary 
species, and trade-offs between management actions that conflict.  
 
7.4 Balancing priorities for management & research  
Seabird populations face an array of threats (e.g., invasive species on breeding 
colonies, bycatch of birds in commercial fisheries, climate change; Croxall et al., 2012; Dias 
et al., 2019). Many of these are probably more significant threats to seabirds than plastic 
pollution at this time and are obvious priorities for near-term conservation interventions (Dias 
et al., 2019; Lascelles et al., 2014). How then do we balance the need to understand and 
manage the most urgent threats to biodiversity, and the need to understand and manage 
emerging threats such as plastic pollution1? If conservation resources are so limited, should 
we focus on the former at the expense of the latter? These questions sum up an internal tug-
of-war that has challenged me for the past 4 years.   
After much reflection, I would argue that the answer of which threats to focus on 
depends on whether resources (time, capacity, money) that are earmarked for management 
and monitoring or whether they are earmarked for research.  Funding for conservation is 
grossly insufficient to meet the current biodiversity crisis. Therefore, it is important to devote 
 
 
 
 
1 As public outcry/hype over plastic pollution grows, it has recently been opined that the attention paid to 
the issue by governments and intergovernmental bodies is a distraction from more important issues like 
climate change and biodiversity loss. Colleagues and I rebutted this opinion (Avery-Gomm et al., 2019; 
Appendix D). 
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conservation management resources (i.e., time, capacity, money) to actions or strategies that 
will generate the greatest return on investment. Sometimes, management and research are 
intertwined because decision science research helps to prioritise where to allocate 
management resource. For example, it generally is possible to prioritise among possible 
management options based on their utility. To estimate the utility of options in a structured 
way requires an understanding of the cost of each option, and other vital factors such as their 
benefit and feasibility (Carwardine et al., 2019, 2008). In the seabird example, the ‘benefit’ of 
an action (or suite of actions) taken to ameliorate a threat is the positive outcome for a species 
or population that comes from taking that action. It seems logical to focus on those threats 
which are most impactful (i.e., bycatch, invasive species, climate change, overfishing;) (Dias 
et al., 2019; Towns et al., 2016). However, it is also essential to consider the cost and 
feasibility of management actions as some actions (i.e., invasive species eradication & 
preventing bycatch in commercial fisheries) are likely to cost less and be more feasible than 
others (e.g., reversing climate change). Structured decision science approaches like Priority 
Threat Management (Carwardine et al., 2019) can help structure complex, values-driven 
decisions transparently and evaluate the trade-offs between different strategies to manage 
threats, as has been done globally for mammals (Carwardine et al., 2008) and regionally for a 
diverse array of species (Carwardine et al., 2014, 2011; Martin et al., 2018). Applying the 
Priority Threat Management approach to seabirds would be a valuable topic for further 
analysis, particularly given the recently updated assessment of threats (Dias et al., 2019).  
Where then should we focus our conservation research resources (time, capacity, 
money)? There is no one answer to this question. Certainly, research that addresses 
knowledge gaps related to those issues which most threaten biodiversity, and focuses on 
resolving problematic uncertainty have the potential to influence decisions about how to act 
in a way that restores environmental health (e.g., recovers species, reduces greenhouse gases, 
cleans up pollutants; Runge et al., 2011). However, there is also great value to research 
focused on emerging threats. Threats can interact synergistically and may have hidden 
dimensions that we will not understand for decades. If we only focus our conservation 
research efforts on the most urgent threats, we risk failing to identify and understand the 
vulnerability of species to emerging ones. A wise mentor once reminded me, ‘It is the body of 
work, and not an individual study, that creates a climate for change’. Much of the work to 
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date on plastic pollution has been part of raising societal awareness, and as a result, 
significant advances in policies have been made in just the past few years. Therefore, I 
believe that conservation research that helps to understand the scope and scale of emerging 
threats is a worthwhile endeavour - so long as it draws attention and motivates a response! 
 
7.5 Conclusion 
A greater understanding of plastic ingestion in seabirds provides useful information both 
about the pervasiveness of plastic pollution itself and may have implications for wildlife 
conservation more broadly. Several elements of my thesis have already being taken up by the 
plastic pollution community. For example, Chapter 3 motivated the development of a review 
paper that explains and promotes the use of standardised methods in plastic ingestion studies 
for megafauna. That publication has already been cited 74 times (Provencher et al., 2017). 
The Northern Fulmar is being considered as a monitoring species for plastic pollution across 
the Arctic by an intergovernmental working group using data from Chapter 2. As part of a 
similar exploration, the analysis from Chapter 5 will serve to identify priority species for 
further study across the Arctic and in Canada (J. P. Provencher 2019, pers comm., Aug 8). 
The uncertainty analysis presented in Chapter 6 and the accompanying Resource Allocation 
Explorer tool was developed to assist the US Fish and Wildlife Service in exploring cost-
effective funding strategies for endangered species recovery plan implementation. This tool is 
being considered for further development, and the New Zealand Department of Conservation 
has commissioned an adaptation of the uncertainty analysis and tool, using the code from 
Chapter 6.  
If plastic pollution is not a significant threat to seabirds, then perhaps this work will 
have no measurable benefit for the seabird populations specifically. However, my 
publications and the forthcoming papers from my thesis contribute to the body of work 
generating ‘noise’ around plastic pollution in Australia, Canada, and globally. If this helps to 
create a climate for change and motivate action on plastic pollution as an issue at large, then I 
am gratified. For many reasons that have very little to do with seabird conservation plastic 
pollution is a wasteful disgrace that needs to be addressed and doing so will have ancillary 
benefits for climate change and biodiversity loss (Avery-Gomm et al., 2019; Appendix D).    
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Appendix A: Supplementary Material for Chapter 5 
 
 
 
Figure S5.1 Plastic ingestion is predicted to be ubiquitous among seabird species. 
Phylogenetically-informed species-level estimates of frequencies of occurrence of plastic ingestion 
for all seabird species where diet and foraging information was available (n = 345). 
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Figure S5.2 Understudied species with a 
high risk of plastic ingestion require further 
research. (A) The relationship between sample 
size for all 345 species and the fraction of 
individuals within each species predicted to 
ingest plastic, highlighting in red those that 
may benefit from further research because 
they have a high predicted risk of plastic 
ingestion (>60%) but low sample sizes (less 
than 50 sampled birds). (B) Predicted 
frequency of occurrence of plastic ingestion 
for the subset of priority species, with 
credible intervals. 
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Table S5.1a Wald-type F-tests output for the minimum adequate phylogenetic mixed model, showing 
the significance of fixed effects on the frequency of occurrence for plastic ingestion for sampled 
seabirds (n = 209 species). Phylogenetic heritability was high (0.83 ± 0.1 SE).  
 
 Numerator 
df 
Denominator 
df F.inc F.con P-value 
(Intercept) 1 41.3 1.39 1.39 0.246 
Date_Decade 5 1421.1 4.76 6.52 < 0.001 
Feeding.Method 9 217.2 2.29 2.31 0.014 
Age.Class 4 1424.6 9.19 9.16 < 0.001 
Diet 4 350.6 2.23 2.23 0.066 
 
Table S5.1b Parameter estimates for the frequency of occurrence among sampled seabirds.  
 
  Estimate SE z-ratio 
Diet_Carrion.Birds 0.000 NA NA 
Diet_Cephalopods -4.609 1.770 -2.604 
Diet_Crustaceans -3.406 1.743 -1.954 
Diet_Fish -3.546 1.658 -2.139 
Diet_Other.Inverts -4.886 2.147 -2.276 
Age.Class_Adult 0.000 NA NA 
Age.Class_Mixed -1.034 0.355 -2.910 
Age.Class_Nest-bound 2.483 0.614 4.041 
Age.Class_Subadult 0.713 0.384 1.855 
Age.Class_Subadult_Adult -0.612 0.356 -1.718 
Feeding.Method_Aerial.Pursuit 0.000 NA NA 
Feeding.Method_Bottom.Feeding -3.786 2.658 -1.424 
Feeding.Method_Dipping -0.785 1.537 -0.511 
Feeding.Method_Pattering -1.919 2.031 -0.945 
Feeding.Method_Pursuit.Diving -3.328 1.923 -1.730 
Feeding.Method_Pursuit.Plunging 2.251 1.594 1.412 
Feeding.Method_Scavenging -2.587 2.263 -1.143 
Feeding.Method_Skimming 0.499 2.025 0.247 
Feeding.Method_Surface.Plunging -1.318 1.593 -0.827 
Feeding.Method_Surface.Seizing 0.860 1.423 0.604 
Date_Decade_1960s 0.000 NA NA 
Date_Decade_1970s 0.672 0.669 1.004 
Date_Decade_1980s -0.365 0.664 -0.550 
Date_Decade_1990s 0.911 0.720 1.265 
Date_Decade_2000s 0.063 0.673 0.094 
Date_Decade_2010s -1.019 0.657 -1.551 
(Intercept) 1.234 4.677 0.264 
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Table S5.2a Wald-type F-tests output for the minimum adequate phylogenetic mixed mode, showing 
the significance of fixed effects on the frequency of occurrence for plastic ingestion for sampled 
seabirds on a subset of data (Order: Procellariiformes). DMS responsiveness was included in the full 
model but removed from the penultimate model at P = 0.106. Phylogenetic heritability for the 
minimum adequate model for Procellariiformes was high (0.87 ± 0.1 SE).  
 
 
Numerator 
df 
Denominator 
df F.inc F.con P-value 
(Intercept) 1 23.6 0.0634 0.0561 0.815 
Date_Decade 5 999.1 8.43 10.53 < 0.001 
sqrtN 1 1005.5 6.07 4.021 0.045 
Feeding.Method 7 68.5 1.804 2.432 0.028 
Age.Class 4 1004.2 7.96 8.18 < 0.001 
Opportunistic.Inferred 1 68.5 6.608 6.608 0.012 
 
Table S5.2b Parameter estimates for the frequency of occurrence among sampled Procellariform 
seabirds.  
 
  Estimate SE z-ratio 
Opportunistic.Inferred_No 0 NA NA 
Opportunistic.Inferred_Yes -3.3031 1.2849 -2.571 
Age.Class_A 0 NA NA 
Age.Class_Mixed -0.7937 0.4514 -1.758 
Age.Class_Nest-bound 3.0764 0.7747 3.971 
Age.Class_SA 0.4576 0.4804 0.952 
Age.Class_SA_A -1.3222 0.4576 -2.889 
Feeding.Method_Dipping 0 NA NA 
Feeding.Method_Pattering -1.2435 1.5293 -0.813 
Feeding.Method_Pursuit.Diving -4.2446 3.0541 -1.390 
Feeding.Method_Pursuit.Plunging 4.9135 1.8361 2.676 
Feeding.Method_Scavenging 2.0787 2.0892 0.995 
Feeding.Method_Skimming 1.4737 2.3823 0.619 
Feeding.Method_Surface.Plunging 2.9750 2.8391 1.048 
Feeding.Method_Surface.Seizing 2.2045 1.5837 1.392 
sqrtN -0.0770 0.0384 -2.005 
Date_Decade_1960s 0 NA NA 
Date_Decade_1970s 1.0778 1.0794 0.999 
Date_Decade_1980s 0.0452 1.0495 0.043 
Date_Decade_1990s 1.9959 1.1194 1.783 
Date_Decade_2000s 0.6958 1.0723 0.649 
Date_Decade_2010s -1.2912 1.0624 -1.215 
(Intercept) -2.4454 9.1204 -0.268 
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Table S5.4 Predictions and empirical summaries of Frequency of Occurrence of plastic ingestion for 
345 seabird species. Predictions are informed by species’ diet, foraging method, age (Adult), decade 
(2010-2019) and their phylogeny. Empirical summaries are for all years and age groups. 
 
Birdlife 
SISRecID2 
Common 
Name3  
Scientific Name2 Predictions   Empirical 
Mean 
FO4 
HPD 
Interval3 
  N Mean 
FO5 
SD 
Order: Anseriformes               
Family: Anatidae 
       
22680459 Barrow's 
Goldeneye 
Bucephala islandica 0.249 0.96 
 
19 0 0 
22680405 Common Eider Somateria mollissima 0.446 0.98 
 
1040 0.012 0.033 
22724879 Common Scoter Melanitta nigra 0.228 0.9 
 
0 - - 
22680398 Greater Scaup Aythya marila 0.144 0.85 
 
4 0 0 
22680423 Harlequin Duck Histrionicus 
histrionicus 
0.575 0.97 
 
7 0 0 
22680409 King Eider Somateria spectabilis 0.633 0.99 
 
54 0 0 
22680427 Long-tailed 
Duck 
Clangula hyemalis 0.474 0.99 
 
38 0 0 
22680412 Spectacled 
Eider 
Somateria fischeri 0.066 0.44 
 
0 - - 
22680415 Steller's Eider Polysticta stelleri 0.091 0.65 
 
0 - - 
22680441 Surf Scoter Melanitta perspicillata 0.134 0.84 
 
51 0 0 
22724836 Velvet Scoter Melanitta fusca 0.081 0.56 
 
5 0 - 
Order: Charadriiformes 
       
Family: Alcidae 
       
22694896 Ancient 
Murrelet 
Synthliboramphus 
antiquus 
0.39 1 
 
89 0 0 
22694927 Atlantic Puffin Fratercula arctica 0.119 0.85 
 
393 0.313 0.41 
22694861 Black 
Guillemot 
Cepphus grylle 0.328 0.98 
 
24 0 0 
 
 
 
 
2 BirdLife SISRecID from Version 9 (December 2016) http://datazone.birdlife.org/species/taxonomy 
3 Common Name and Scientific Name is consistent with BirdTree phylogeny downloaded from the online 
tree of life (Hinchliff et al. 2015) in 2018. https://tree.opentreeoflife.org/about/open-tree-of-life 
4 From MCMCglmm as described in methods, assuming Age.Class = Adult and Date_Decade = 2010s 
(2010-2019).  
5 Non-weighted mean of FO for each species, based on published plastic ingestion data used in the 
MCMCglmm.  
 
 
 
 
 
 
 
 
 
 
 
 147 
22694903 Cassin's Auklet Ptychoramphus 
aleuticus 
0.136 0.92 
 
214 0.375 0.162 
22694841 Common Murre Uria aalge 0.319 0.9 
 
487 0.031 0.048 
22694887 Craveri's 
Murrelet 
Synthliboramphus 
craveri 
0.297 0.92 
 
0 - - 
22694915 Crested Auklet Aethia cristatella 0.336 0.88 
 
1236 0.001 0.005 
62101215 Guadalupe 
Murrelet 
Synthliboramphus 
hypoleucus 
0.263 0.91 
 
6 0 - 
22694931 Horned Puffin Fratercula corniculata 0.102 0.54 
 
296 0.436 0.116 
22694899 Japanese 
Murrelet 
Synthliboramphus 
wumizusume 
0.333 0.99 
 
0 - - 
22694875 Kittlitz's 
Murrelet 
Brachyramphus 
brevirostris 
0.293 0.89 
 
22 0 0 
22694921 Least Auklet Aethia pusilla 0.421 0.97 
 
0 - - 
22694837 Little Auk Alle alle 0.058 0.31 
 
310 0.482 0.429 
22729000 Long-billed 
Murrelet 
Brachyramphus perdix 0.216 0.86 
 
0 - - 
22694870 Marbled 
Murrelet 
Brachyramphus 
marmoratus 
0.581 0.98 
 
157 0 0 
22694906 Parakeet Auklet Aethia psittacula 0.126 0.68 
 
468 0.189 0.363 
22694864 Pigeon 
Guillemot 
Cepphus columba 0.283 0.9 
 
62 0.009 0.015 
22694852 Razorbill Alca torda 0.252 0.91 
 
27 0 0 
22694924 Rhinoceros 
Auklet 
Cerorhinca 
monocerata 
0.319 0.96 
 
93 0.069 0.164 
22694867 Spectacled 
Guillemot 
Cepphus carbo 0.061 0.43 
 
0 - - 
22694847 Thick-billed 
Murre 
Uria lomvia 0.072 0.4 
 
2576 0.103 0.248 
22694934 Tufted Puffin Fratercula cirrhata 0.068 0.42 
 
846 0.319 0.388 
22694918 Whiskered 
Auklet 
Aethia pygmaea 0.076 0.52 
 
516 0.002 0.01 
Family: Laridae 
       
22694262 African 
Skimmer 
Rynchops flavirostris 0.669 0.99 
 
0 - - 
22694716 Aleutian Tern Sterna aleutica 0.475 1 
 
8 0 - 
22694440 Andean Gull Larus serranus 0.647 1 
 
0 - - 
22694635 Antarctic Tern Sterna vittata 0.438 1 
 
21 0 0 
22694629 Arctic Tern Sterna paradisaea 0.297 0.99 
 
66 0 0 
22694357 Armenian Gull Larus armenicus 0.671 1 
 
0 - - 
22694313 Audouin's Gull Larus audouinii 0.517 1 
 
15 0.13 - 
22694282 Belcher's Gull Larus belcheri 0.771 0.87 
 
0 - - 
22694799 Black Noddy Anous minutus 0.679 0.92 
 
529 0.015 0.021 
22694256 Black Skimmer Rynchops niger 0.797 0.85 
 
0 - - 
22694787 Black Tern Chlidonias niger 0.67 0.92 
 
2 0 - 
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22694711 Black-bellied 
Tern 
Sterna acuticauda 0.547 0.96 
 
0 - - 
22694413 Black-billed 
Gull 
Larus bulleri 0.793 0.75 
 
0 - - 
22694750 Black-fronted 
Tern 
Sterna albostriata 0.753 0.85 
 
0 - - 
22694420 Black-headed 
Gull 
Larus ridibundus 0.806 0.89 
 
10 0.61 0.552 
22694497 Black-legged 
Kittiwake 
Rissa tridactyla 0.839 0.79 
 
546 0.174 0.205 
22694612 Black-naped 
Tern 
Sterna sumatrana 0.807 0.85 
 
0 - - 
22694289 Black-tailed 
Gull 
Larus crassirostris 0.863 0.72 
 
19 1 - 
22727746 Blue Noddy Procelsterna cerulea 0.615 0.99 
 
114 0 0 
22694432 Bonaparte's 
Gull 
Larus philadelphia 0.822 0.77 
 
4 0 - 
22694730 Bridled Tern Sterna anaethetus 0.414 0.97 
 
0 - - 
22694794 Brown Noddy Anous stolidus 0.502 1 
 
409 0 0 
22694384 Brown-headed 
Gull 
Larus brunnicephalus 0.45 0.97 
 
0 - - 
22694417 Brown-hooded 
Gull 
Larus maculipennis 0.442 0.96 
 
0 - - 
22694321 California Gull Larus californicus 0.439 0.96 
 
0 - - 
22735929 Caspian Gull Larus cachinnans 0.399 0.95 
 
0 - - 
22694524 Caspian Tern Sterna caspia 0.157 0.68 
 
0 - - 
22694585 Chinese Crested 
Tern 
Sterna bernsteini 0.181 0.78 
 
0 - - 
62026481 Common Gull-
billed Tern 
Sterna nilotica 0.886 0.6 
 
0 - - 
22694623 Common Tern Sterna hirundo 0.493 0.99 
 
35 0.029 0.076 
22694821 Common White 
Tern 
Gygis alba 0.549 0.98 
 
287 0.025 0.056 
22694699 Damara Tern Sterna balaenarum 0.464 0.98 
 
0 - - 
22694271 Dolphin Gull Leucophaeus scoresbii 0.283 0.88 
 
0 - - 
22694552 Elegant Tern Sterna elegans 0.783 0.84 
 
0 - - 
62030608 European 
Herring Gull 
Larus argentatus 0.163 0.67 
 
44 0.554 0.218 
22694691 Fairy Tern Sterna nereis 0.82 0.86 
 
1 0 - 
22694646 Forster's Tern Sterna forsteri 0.577 0.98 
 
0 - - 
22694462 Franklin's Gull Larus pipixcan 0.721 0.93 
 
0 - - 
22694343 Glaucous Gull Larus hyperboreus 0.616 0.95 
 
51 0.015 0.021 
22694334 Glaucous-
winged Gull 
Larus glaucescens 0.63 0.93 
 
681 0.063 0.073 
22694324 Great Black-
backed Gull 
Larus marinus 0.358 0.92 
 
12 0.608 0.376 
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22694571 Greater Crested 
Tern 
Sterna bergii 0.316 0.95 
 
15 0 0 
22694292 Grey Gull Larus modestus 0.547 0.99 
 
0 - - 
22733705 Grey Noddy Procelsterna albivitta 0.642 0.98 
 
0 - - 
22694722 Grey-backed 
Tern 
Sterna lunata 0.431 0.97 
 
317 0 0 
22694387 Grey-headed 
Gull 
Larus cirrocephalus 0.491 0.97 
 
0 - - 
22694393 Hartlaub's Gull Larus hartlaubii 0.781 0.83 
 
13 0 - 
22694296 Heermann's 
Gull 
Larus heermanni 0.508 0.99 
 
20 0.055 0.078 
22694346 Iceland Gull Larus glaucoides 0.59 0.93 
 
3 0.5 0.707 
22694834 Inca Tern Larosterna inca 0.261 0.89 
 
0 - - 
22694268 Indian Skimmer Rynchops albicollis 0.596 0.97 
 
0 - - 
22694473 Ivory Gull Pagophila eburnea 0.4 0.95 
 
1 0 - 
22694329 Kelp Gull Larus dominicanus 0.623 0.97 
 
86 0.016 0.044 
22694641 Kerguelen Tern Sterna virgata 0.828 0.76 
 
0 - - 
22694791 Large-billed 
Tern 
Phaetusa simplex 0.612 0.95 
 
0 - - 
22694455 Laughing Gull Larus atricilla 0.85 0.62 
 
0 - - 
22694452 Lava Gull Larus fuliginosus 0.452 0.84 
 
0 - - 
22694673 Least Tern Sterna antillarum 0.409 0.96 
 
0 - - 
22694373 Lesser Black-
backed Gull 
Larus fuscus 0.313 0.93 
 
64 0.292 0.344 
22694561 Lesser Crested 
Tern 
Sterna bengalensis 0.249 0.84 
 
0 - - 
22694805 Lesser Noddy Anous tenuirostris 0.201 0.76 
 
3 0 - 
22694469 Little Gull Larus minutus 0.287 0.86 
 
0 - - 
22694656 Little Tern Sterna albifrons 0.499 0.98 
 
4 0 0 
22694830 Little White 
Tern 
Gygis microrhyncha 0.504 0.98 
 
0 - - 
22694443 Mediterranean 
Gull 
Larus melanocephalus 0.574 0.98 
 
4 0.23 - 
22694308 Mew Gull Larus canus 0.778 0.87 
 
18 0.167 0.144 
22694286 Olrog's Gull Larus atlanticus 0.449 0.99 
 
0 - - 
22694279 Pacific Gull Larus pacificus 0.25 0.92 
 
0 - - 
22694379 Pallas's Gull Larus ichthyaetus 0.256 0.92 
 
0 - - 
22694685 Peruvian Tern Sterna lorata 0.517 1 
 
0 - - 
22694502 Red-legged 
Kittiwake 
Rissa brevirostris 0.964 0.2 
 
61 0.198 0.097 
22694447 Relict Gull Larus relictus 0.796 0.87 
 
0 - - 
22694317 Ring-billed Gull Larus delawarensis 0.522 0.99 
 
0 - - 
22694601 Roseate Tern Sterna dougallii 0.804 0.88 
 
1 0 - 
22694476 Ross's Gull Rhodostethia rosea 0.851 0.77 
 
0 - - 
22694542 Royal Tern Sterna maxima 0.666 0.97 
 
4 0 0 
22694479 Sabine's Gull Xema sabini 0.723 0.94 
 
6 0 0 
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22694591 Sandwich Tern Sterna sandvicensis 0.665 0.97 
 
64 0 0 
22694591 Sandwich Tern Sterna sandvicensis 0.665 0.97 
 
64 0 0 
22694436 Saunders's Gull Larus saundersi 0.758 0.96 
 
0 - - 
22694666 Saunders's Tern Sterna saundersi 0.573 0.99 
 
0 - - 
62021891 Silver Gull Larus novaehollandiae 0.788 0.87 
 
24 0.083 0 
62021891 Silver Gull Larus novaehollandiae 0.788 0.87 
 
24 0.083 0 
22694362 Slaty-backed 
Gull 
Larus schistisagus 0.591 0.99 
 
1 0 - 
22694428 Slender-billed 
Gull 
Larus genei 0.634 0.97 
 
0 - - 
22694651 Snowy-crowned 
Tern 
Sterna trudeaui 0.588 0.99 
 
0 - - 
22694303 Sooty Gull Larus hemprichii 0.373 0.99 
 
0 - - 
22694740 Sooty Tern Sterna fuscata 0.457 0.96 
 
518 0.007 0.012 
22694618 South American 
Tern 
Sterna hirundinacea 0.503 0.98 
 
3 0 0 
22694493 Swallow-tailed 
Gull 
Creagrus furcatus 0.475 0.99 
 
0 - - 
22728995 Thayer's Gull Larus thayeri 0.176 0.74 
 
0 - - 
22694337 Western Gull Larus occidentalis 0.452 1 
 
0 - - 
22694764 Whiskered Tern Chlidonias hybrida 0.258 0.94 
 
0 - - 
22694705 White-cheeked 
Tern 
Sterna repressa 0.295 0.98 
 
0 - - 
22694299 White-eyed 
Gull 
Larus leucophthalmus 0.263 0.97 
 
0 - - 
22694607 White-fronted 
Tern 
Sterna striata 0.266 0.97 
 
0 - - 
22694782 White-winged 
Tern 
Chlidonias leucopterus 0.206 0.79 
 
0 - - 
22694679 Yellow-billed 
Tern 
Sterna superciliaris 0.775 0.87 
 
0 - - 
22694340 Yellow-footed 
Gull 
Larus livens 0.498 0.96 
 
0 - - 
62030970 Yellow-legged 
Gull 
Larus michahellis 0.69 0.93 
 
88 0.215 0.21 
Family: Scolopacidae 
       
22693494 Red Phalarope Phalaropus fulicarius 0.84 0.66 
 
34 0.578 0.412 
22693490 Red-necked 
Phalarope 
Phalaropus lobatus 0.888 0.53 
 
5 0.335 0.474 
22694245 Arctic Jaeger Stercorarius 
parasiticus 
0.259 0.99 
 
6 0.5 0.408 
62289571 Brown Skua Catharacta antarctica 0.126 0.61 
 
509 0.107 0.115 
22694210 Chilean Skua Catharacta chilensis 0.399 0.96 
 
0 - - 
22694160 Great Skua Catharacta skua 0.627 0.95 
 
650 0.26 0.223 
22694251 Long-tailed 
Jaeger 
Stercorarius 
longicaudus 
0.956 0.23 
 
4 0.25 0.354 
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22694240 Pomarine 
Jaeger 
Stercorarius pomarinus 0.201 0.78 
 
5 0 0 
22694218 South Polar 
Skua 
Catharacta 
maccormicki 
0.65 0.99 
 
27 0.25 0.354 
Order: Phaethontiformes  
       
Family: Phaethontidae 
       
22696637 Red-billed 
Tropicbird 
Phaethon aethereus 0.55 0.97 
 
0 - - 
22696641 Red-tailed 
Tropicbird 
Phaethon rubricauda 0.584 0.98 
 
469 0.028 0.046 
22696645 White-tailed 
Tropicbird 
Phaethon lepturus 0.242 0.86 
 
6 0.111 0.192 
Order: Gaviiformes 
       
Family: Scolopacidae 
       
22697834 Arctic Loon Gavia arctica 0.507 1 
 
0 - - 
22697842 Common Loon Gavia immer 0.331 0.9 
 
2 0 - 
22697839 Pacific Loon Gavia pacifica 0.192 0.85 
 
2 0 - 
22697829 Red-throated 
Loon 
Gavia stellata 0.362 0.98 
 
2 0 - 
22697847 Yellow-billed 
Loon 
Gavia adamsii 0.078 0.47 
 
0 - - 
Order: Pelecaniformes 
       
Family: Pelecanidae 
       
22697611 American 
White Pelican 
Pelecanus 
erythrorhynchos 
0.694 0.99 
 
0 - - 
22697608 Australian 
Pelican 
Pelecanus 
conspicillatus 
0.488 0.99 
 
17 0.2 0.2 
22733989 Brown Pelican Pelecanus occidentalis 0.136 0.65 
 
0 - - 
22697599 Dalmatian 
Pelican 
Pelecanus crispus 0.745 0.87 
 
0 - - 
22697590 Great White 
Pelican 
Pelecanus onocrotalus 0.565 0.97 
 
0 - - 
22697619 Peruvian 
Pelican 
Pelecanus thagus 0.736 0.94 
 
0 - - 
22697595 Pink-backed 
Pelican 
Pelecanus rufescens 0.795 0.91 
 
0 - - 
22697604 Spot-billed 
Pelican 
Pelecanus philippensis 0.436 0.96 
 
0 - - 
Order: Suliformes 
       
Family: Fregatidae 
       
22697728 Ascension 
Frigatebird 
Fregata aquila 0.438 1 
 
0 - - 
22697742 Christmas 
Frigatebird 
Fregata andrewsi 0.581 0.96 
 
0 - - 
22697733 Great 
Frigatebird 
Fregata minor 0.407 0.93 
 
332 0.06 0.104 
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22697738 Lesser 
Frigatebird 
Fregata ariel 0.214 0.8 
 
1 0 - 
22697724 Magnificent 
Frigatebird 
Fregata magnificens 0.778 0.8 
 
11 0.2 0.447 
Family: Phalacrocoracidae 
       
22696869 Auckland Shag Phalacrocorax 
colensoi 
0.077 0.66 
 
0 - - 
22696766 Bank 
Cormorant 
Phalacrocorax 
neglectus 
0.235 0.92 
 
167 0.006 - 
22696770 Black-faced 
Cormorant 
Phalacrocorax 
fuscescens 
0.436 0.97 
 
0 - - 
22696876 Bounty Shag Phalacrocorax 
ranfurlyi 
0.281 0.95 
 
0 - - 
22696753 Brandt's 
Cormorant 
Phalacrocorax 
penicillatus 
0.229 0.89 
 
0 - - 
22696840 Campbell Shag Phalacrocorax 
campbelli 
0.135 0.78 
 
0 - - 
22696806 Cape 
Cormorant 
Phalacrocorax 
capensis 
0.136 0.78 
 
239 0 - 
22696861 Chatham Shag Phalacrocorax onslowi 0.077 0.48 
 
0 - - 
22696730 Crowned 
Cormorant 
Phalacrocorax 
coronatus 
0.25 0.8 
 
24 0 - 
22696776 Double-crested 
Cormorant 
Phalacrocorax auritus 0.499 0.95 
 
6 0 0 
22696894 European Shag Phalacrocorax 
aristotelis 
0.052 0.26 
 
10 0.1 - 
22696756 Flightless 
Cormorant 
Phalacrocorax harrisi 0.283 0.97 
 
0 - - 
22696792 Great 
Cormorant 
Phalacrocorax carbo 0.157 0.79 
 
93 0.016 0.023 
22696782 Great Pied 
Cormorant 
Phalacrocorax varius 0.165 0.8 
 
0 - - 
22696810 Guanay 
Cormorant 
Phalacrocorax 
bougainvillii 
0.295 0.94 
 
0 - - 
22729686 Imperial Shag Phalacrocorax atriceps 0.132 0.68 
 
88 0 0 
22696779 Indian 
Cormorant 
Phalacrocorax 
fuscicollis 
0.291 0.93 
 
0 - - 
22696799 Japanese 
Cormorant 
Phalacrocorax 
capillatus 
0.334 0.98 
 
0 - - 
22696788 Little Black 
Cormorant 
Phalacrocorax 
sulcirostris 
0.11 0.62 
 
0 - - 
22696740 Little 
Cormorant 
Phalacrocorax niger 0.098 0.51 
 
0 - - 
22696743 Little Pied 
Cormorant 
Phalacrocorax 
melanoleucos 
0.097 0.56 
 
0 - - 
22696725 Long-tailed 
Cormorant 
Phalacrocorax 
africanus 
0.259 0.91 
 
0 - - 
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22696773 Neotropical 
Cormorant 
Phalacrocorax 
brasilianus 
0.279 0.89 
 
0 - - 
22728950 Pelagic 
Cormorant 
Phalacrocorax 
pelagicus 
0.125 0.65 
 
14 0.067 0.115 
22696907 Pitt Shag Phalacrocorax 
featherstoni 
0.386 0.98 
 
0 - - 
22696734 Pygmy 
Cormorant 
Phalacrocorax 
pygmeus 
0.272 0.93 
 
0 - - 
22696887 Red-faced 
Cormorant 
Phalacrocorax urile 0.449 0.98 
 
18 0 0 
22696898 Red-legged 
Cormorant 
Phalacrocorax 
gaimardi 
0.438 0.97 
 
0 - - 
22696883 Rock Shag Phalacrocorax 
magellanicus 
0.367 0.99 
 
0 - - 
22696846 Rough-faced 
Shag 
Phalacrocorax 
carunculatus 
0.593 0.99 
 
0 - - 
22696802 Socotra 
Cormorant 
Phalacrocorax 
nigrogularis 
0.278 0.95 
 
0 - - 
22696901 Spotted Shag Phalacrocorax 
punctatus 
0.077 0.43 
 
0 - - 
22696853 Stewart Shag Phalacrocorax 
chalconotus 
0.077 0.45 
 
0 - - 
Family: Sulidae 
       
22696649 Abbott's Booby Papasula abbotti 0.526 1 
 
0 - - 
22696675 Australasian 
Gannet 
Morus serrator 0.491 1 
 
14 0 0 
22696683 Blue-footed 
Booby 
Sula nebouxii 0.571 0.98 
 
0 - - 
22696698 Brown Booby Sula leucogaster 0.468 1 
 
291 0.119 0.158 
22696668 Cape Gannet Morus capensis 0.181 0.76 
 
5 0 - 
22736173 Masked Booby Sula dactylatra 0.547 0.98 
 
964 0.12 0.331 
22728990 Nazca Booby Sula granti 0.549 0.99 
 
0 - - 
22696657 Northern 
Gannet 
Morus bassanus 0.75 0.9 
 
17 0.226 0.436 
22696686 Peruvian Booby Sula variegata 0.555 0.99 
 
0 - - 
22696694 Red-footed 
Booby 
Sula sula 0.72 0.86 
 
467 0.005 0.012 
Order: Sphenisciformes 
       
Family: Spheniscidae 
       
22697758 Adelie Penguin Pygoscelis adeliae 0.26 0.99 
 
110 0 0 
22697810 African Penguin Spheniscus demersus 0.514 1 
 
210 0 - 
22697761 Chinstrap 
Penguin 
Pygoscelis antarcticus 0.188 0.7 
 
6 0 - 
22697752 Emperor 
Penguin 
Aptenodytes forsteri 0.592 0.93 
 
25 0 0 
22697789 Erect-crested 
Penguin 
Eudyptes sclateri 0.06 0.29 
 
0 - - 
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22697776 Fiordland 
Penguin 
Eudyptes 
pachyrhynchus 
0.278 0.97 
 
0 - - 
22697825 Galapagos 
Penguin 
Spheniscus mendiculus 0.231 0.81 
 
0 - - 
22697755 Gentoo Penguin Pygoscelis papua 0.154 0.73 
 
219 0 0 
22697817 Humboldt 
Penguin 
Spheniscus humboldti 0.275 0.91 
 
30 0 - 
22697748 King Penguin Aptenodytes 
patagonicus 
0.31 0.91 
 
150 0 - 
22697805 Little Penguin Eudyptula minor 0.132 0.67 
 
124 - - 
22697793 Macaroni 
Penguin 
Eudyptes chrysolophus 0.619 0.98 
 
46 0 - 
22697822 Magellanic 
Penguin 
Spheniscus 
magellanicus 
0.665 0.96 
 
783 0.239 0.228 
22734408 Northern 
Rockhopper 
Penguin 
Eudyptes moseleyi 0.142 0.64 
 
12 0 - 
22697797 Royal Penguin Eudyptes schlegeli 0.451 0.99 
 
0 - - 
22697782 Snares Penguin Eudyptes robustus 0.348 0.96 
 
0 - - 
22735250 Southern 
Rockhopper 
Penguin 
Eudyptes chrysocome 0.297 0.99 
 
177 0.011 - 
22697800 Yellow-eyed 
Penguin 
Megadyptes antipodes 0.472 0.95 
 
124 0 - 
Order: Procellariiformes 
       
Family: Diomedeidae 
       
22698310 Amsterdam 
Albatross 
Diomedea 
amsterdamensis 
0.615 1 
 
0 - - 
22728318 Antipodean 
Albatross 
Diomedea antipodensis 0.502 1 
 
5 0.125 0.25 
22698425 Atlantic 
Yellow-nosed 
Albatross 
Thalassarche 
chlororhynchos 
0.366 1 
 
203 0.14 0.218 
22698375 Black-browed 
Albatross 
Thalassarche 
melanophrys 
0.827 0.7 
 
420 0.221 0.361 
22698350 Black-footed 
Albatross 
Phoebastria nigripes 0.914 0.42 
 
271 0.845 0.212 
22728328 Buller's 
Albatross 
Thalassarche bulleri 0.435 0.96 
 
308 0.055 0.208 
22728349 Campbell 
Albatross 
Thalassarche impavida 0.478 0.99 
 
4 0 0 
22698393 Chatham 
Albatross 
Thalassarche eremita 0.451 1 
 
1 0 - 
22698398 Grey-headed 
Albatross 
Thalassarche 
chrysostoma 
0.723 0.86 
 
187 0.021 0.044 
22728372 Indian Yellow-
nosed Albatross 
Thalassarche carteri 0.632 0.91 
 
77 0.019 - 
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22698365 Laysan 
Albatross 
Phoebastria 
immutabilis 
0.909 0.42 
 
1021 0.873 0.165 
22698448 Light-mantled 
Albatross 
Phoebetria palpebrata 0.368 0.91 
 
38 0.167 0.408 
22728323 Northern Royal 
Albatross 
Diomedea sanfordi 0.631 0.96 
 
36 0.389 - 
22698388 Salvin's 
Albatross 
Thalassarche salvini 0.854 0.76 
 
148 0.007 0.02 
22698335 Short-tailed 
Albatross 
Phoebastria albatrus 0.762 0.95 
 
0 - - 
22729604 Shy Albatross Thalassarche cauta 0.786 0.86 
 
1250 0.021 0.143 
22698431 Sooty Albatross Phoebetria fusca 0.719 0.98 
 
119 0.003 0.007 
22698314 Southern Royal 
Albatross 
Diomedea epomophora 0.642 1 
 
27 0.168 0.236 
22728364 Tristan 
Albatross 
Diomedea dabbenena 0.436 0.99 
 
14 0.082 0.165 
22698305 Wandering 
Albatross 
Diomedea exulans 0.405 0.96 
 
297 0.153 0.302 
22698320 Waved 
Albatross 
Phoebastria irrorata 0.436 1 
 
40 0.07 - 
22729609 White-capped 
Albatross 
Thalassarche steadi 0.454 1 
 
209 0.003 0.006 
Family: Hydrobatidae 
       
22698562 Ashy Storm-
petrel 
Oceanodroma 
homochroa 
0.586 1 
 
0 - - 
22735803 Band-rumped 
Storm-petrel 
Oceanodroma castro 0.336 0.96 
 
14 0 0 
22698557 Black Storm-
petrel 
Oceanodroma melania 0.672 0.91 
 
2 0 - 
22698477 European 
Storm-petrel 
Hydrobates pelagicus 0.11 0.57 
 
22 0 0 
22698572 Fork-tailed 
Storm-petrel 
Oceanodroma furcata 0.631 0.97 
 
41 0.952 0.083 
22698511 Leach's Storm-
petrel 
Oceanodroma 
leucorhoa 
0.811 0.74 
 
2744 0.354 0.287 
22698485 Least Storm-
petrel 
Halocyptena 
microsoma 
0.351 0.94 
 
0 - - 
22698543 Markham's 
Storm-petrel 
Oceanodroma 
markhami 
0.889 0.51 
 
107 0.057 0.038 
22735624 Monteiro's 
Storm-petrel 
Oceanodroma 
monteiroi 
0.596 0.97 
 
0 - - 
22698535 Tristram's 
Storm-petrel 
Oceanodroma tristrami 0.184 0.89 
 
106 0.556 0.417 
22698496 Wedge-rumped 
Storm-petrel 
Oceanodroma tethys 0.204 0.96 
 
472 0.007 0.006 
Family: Oceanitidae 
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22698459 Black-bellied 
Storm-petrel 
Fregetta tropica 0.499 0.98 
 
7 0 0 
22729148 Grey-backed 
Storm-petrel 
Garrodia nereis 0.459 0.98 
 
23 0.303 0.043 
22728808 New Zealand 
Storm-petrel 
Oceanites maorianus 0.752 0.9 
 
0 - - 
22698471 Polynesian 
Storm-petrel 
Nesofregetta fuliginosa 0.42 0.97 
 
22 0 0 
22698465 White-bellied 
Storm-petrel 
Fregetta grallaria 0.223 0.96 
 
147 0.206 0.207 
22698453 White-faced 
Storm-petrel 
Pelagodroma marina 0.221 0.95 
 
389 0.881 0.124 
22698442 White-vented 
Storm-petrel 
Oceanites gracilis 0.216 0.95 
 
2 0 - 
22698436 Wilson's Storm-
petrel 
Oceanites oceanicus 0.206 0.8 
 
265 0.331 0.277 
Family: Procellariidae 
       
22697875 Antarctic Petrel Thalassoica antarctica 0.569 1 
 
226 0.155 0.373 
22698114 Antarctic Prion Pachyptila desolata 0.361 1 
 
146 0.705 0.432 
22698084 Atlantic Petrel Pterodroma incerta 0.281 0.99 
 
37 0.059 0.052 
45959182 Audubon's 
Shearwater 
Puffinus lherminieri 0.867 0.76 
 
0 - - 
22728432 Balearic 
Shearwater 
Puffinus mauretanicus 0.773 0.89 
 
46 0.7 - 
22698035 Barau's Petrel Pterodroma baraui 0.719 0.92 
 
0 - - 
22697913 Beck's Petrel Pseudobulweria becki 0.764 0.87 
 
0 - - 
22698088 Bermuda Petrel Pterodroma cahow 0.78 0.84 
 
0 - - 
22698150 Black Petrel Procellaria parkinsoni 0.861 0.66 
 
8 0.25 0.5 
22698092 Black-capped 
Petrel 
Pterodroma hasitata 0.903 0.44 
 
0 - - 
22698246 Black-vented 
Shearwater 
Puffinus opisthomelas 0.678 0.97 
 
0 - - 
22697954 Black-winged 
Petrel 
Pterodroma 
nigripennis 
0.571 0.99 
 
105 0.018 0.022 
22698102 Blue Petrel Halobaena caerulea 0.761 0.95 
 
164 0.848 0.234 
22697967 Bonin Petrel Pterodroma hypoleuca 0.791 0.84 
 
8 0.75 - 
22698106 Broad-billed 
Prion 
Pachyptila vittata 0.698 0.93 
 
660 0.23 0.248 
22698182 Buller's 
Shearwater 
Puffinus bulleri 0.626 0.95 
 
122 0.987 0.023 
22698132 Bulwer's Petrel Bulweria bulwerii 0.435 0.96 
 
96 0.017 0.029 
22697879 Cape Petrel Daption capense 0.422 0.96 
 
439 0.378 0.388 
22728011 Cape Verde 
Petrel 
Pterodroma feae 0.439 0.99 
 
0 - - 
22729421 Cape Verde 
Shearwater 
Calonectris edwardsii 0.416 0.99 
 
3 0.33 - 
22697949 Chatham Petrel Pterodroma axillaris 0.391 0.97 
 
0 - - 
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22698222 Christmas 
Shearwater 
Puffinus nativitatis 0.898 0.55 
 
228 0.281 0.198 
22697987 Collared Petrel Pterodroma brevipes 0.857 0.68 
 
3 0.667 - 
22698300 Common 
Diving-petrel 
Pelecanoides urinatrix 0.429 0.94 
 
103 0.031 0.079 
22697975 Cook's Petrel Pterodroma cookii 0.78 0.86 
 
72 0.183 0.335 
22698124 Fairy Prion Pachyptila turtur 0.431 0.96 
 
1102 0.347 0.389 
22698188 Flesh-footed 
Shearwater 
Puffinus carneipes 0.796 0.92 
 
710 0.475 0.382 
22698249 Fluttering 
Shearwater 
Puffinus gavia 0.845 0.78 
 
81 0.338 0.443 
22698128 Fulmar Prion Pachyptila 
crassirostris 
0.665 0.94 
 
0 - - 
22698020 Galapagos 
Petrel 
Pterodroma 
phaeopygia 
0.684 0.95 
 
2 0.5 - 
22698201 Great 
Shearwater 
Puffinus gravis 0.639 0.95 
 
610 0.717 0.301 
45048812 Great-winged 
Petrel 
Pterodroma 
macroptera 
0.564 0.98 
 
221 0.043 0.063 
22698159 Grey Petrel Procellaria cinerea 0.803 0.86 
 
12 0.04 0.089 
22698017 Hawaiian Petrel Pterodroma 
sandwichensis 
0.928 0.35 
 
0 - - 
22728442 Henderson 
Petrel 
Pterodroma atrata 0.827 0.67 
 
29 0 - 
22698012 Herald Petrel Pterodroma heraldica 0.636 0.96 
 
0 - - 
22698252 Hutton's 
Shearwater 
Puffinus huttoni 0.89 0.51 
 
6 0 0 
22698097 Jamaican Petrel Pterodroma caribbaea 0.615 0.96 
 
0 - - 
22698136 Jouanin's Petrel Bulweria fallax 0.5 1 
 
0 - - 
22698030 Juan Fernandez 
Petrel 
Pterodroma externa 0.804 0.85 
 
287 0.008 0.003 
22697888 Kerguelen 
Petrel 
Lugensa brevirostris 0.897 0.51 
 
119 0.198 0.339 
22698027 Kermadec 
Petrel 
Pterodroma neglecta 0.825 0.77 
 
46 0.023 0.04 
45959011 Little 
Shearwater 
Puffinus assimilis 0.928 0.38 
 
40 0.473 0.509 
22698288 Magellanic 
Diving-petrel 
Pelecanoides 
magellani 
0.632 0.97 
 
1 0 - 
22698049 Magenta Petrel Pterodroma magentae 0.956 0.23 
 
0 - - 
22698226 Manx 
Shearwater 
Puffinus puffinus 0.771 0.87 
 
112 0.428 0.347 
22697990 Masatierra 
Petrel 
Pterodroma 
defilippiana 
0.761 0.89 
 
0 - - 
22697963 Mottled Petrel Pterodroma 
inexpectata 
0.88 0.66 
 
15 0.229 0.407 
22698039 Murphy's Petrel Pterodroma ultima 0.778 0.9 
 
65 0.082 0.08 
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22698240 Newell's 
Shearwater 
Puffinus newelli 0.954 0.27 
 
30 0.5 - 
22697866 Northern 
Fulmar 
Fulmarus glacialis 0.888 0.59 
 
3965 0.79 0.207 
22697859 Northern Giant 
Petrel 
Macronectes halli 0.323 0.95 
 
50 0.387 0.484 
22698280 Peruvian 
Diving-petrel 
Pelecanoides garnotii 0.313 0.96 
 
0 - - 
22698001 Phoenix Petrel Pterodroma alba 0.617 0.98 
 
30 0 0 
22698195 Pink-footed 
Shearwater 
Puffinus creatopus 0.799 0.9 
 
6 0.65 0.495 
22698042 Providence 
Petrel 
Pterodroma solandri 0.506 0.97 
 
112 0.181 0.219 
22697984 Pycroft's Petrel Pterodroma pycrofti 0.81 0.75 
 
7 0.45 0.071 
104062546 Salvin's Prion Pachyptila salvini 0.808 0.9 
 
721 0.667 0.271 
45061132 Scopoli's 
Shearwater 
Calonectris diomedea 0.853 0.86 
 
627 0.52 0.382 
22698216 Short-tailed 
Shearwater 
Puffinus tenuirostris 0.85 0.86 
 
1954 0.9 0.169 
22698119 Slender-billed 
Prion 
Pachyptila belcheri 0.752 0.94 
 
279 0.646 0.31 
22697885 Snow Petrel Pagodroma nivea 0.734 0.93 
 
551 0.021 0.02 
22698080 Soft-plumaged 
Petrel 
Pterodroma mollis 0.748 0.88 
 
50 0.452 0.506 
22698209 Sooty 
Shearwater 
Puffinus griseus 0.827 0.72 
 
1840 0.654 0.388 
22698293 South Georgia 
Diving-petrel 
Pelecanoides georgicus 0.256 0.92 
 
12 0 0 
22697870 Southern 
Fulmar 
Fulmarus glacialoides 0.647 0.99 
 
243 0.276 0.387 
22697852 Southern Giant 
Petrel 
Macronectes giganteus 0.338 0.99 
 
249 0.472 0.459 
22728437 Spectacled 
Petrel 
Procellaria 
conspicillata 
0.512 0.98 
 
19 0.277 0.055 
22697997 Stejneger's 
Petrel 
Pterodroma 
longirostris 
0.432 0.96 
 
72 0.753 0.24 
22698172 Streaked 
Shearwater 
Calonectris leucomelas 0.481 0.99 
 
2 0 - 
22697925 Tahiti Petrel Pseudobulweria 
rostrata 
0.482 0.99 
 
189 0.008 0.007 
22698235 Townsend's 
Shearwater 
Puffinus auricularis 0.637 0.95 
 
0 - - 
22698005 Trindade Petrel Pterodroma 
arminjoniana 
0.27 0.95 
 
23 0 0 
22698175 Wedge-tailed 
Shearwater 
Puffinus pacificus 0.451 1 
 
1018 0.194 0.206 
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22698155 Westland Petrel Procellaria 
westlandica 
0.392 0.97 
 
15 0.071 0.189 
22698140 White-chinned 
Petrel 
Procellaria 
aequinoctialis 
0.474 1 
 
1924 0.212 0.326 
22698055 White-headed 
Petrel 
Pterodroma lessonii 0.464 1 
 
8 0.214 0.393 
22697957 White-necked 
Petrel 
Pterodroma cervicalis 0.45 1 
 
24 0.046 0.053 
22697970 White-winged 
Petrel 
Pterodroma leucoptera 0.467 1 
 
10 0.556 0.502 
22698230 Yelkouan 
Shearwater 
Puffinus yelkouan 0.573 0.97 
 
31 0.71 - 
22698062 Zino's Petrel Pterodroma madeira 0.817 0.82   0 - - 
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Appendix B: Supplementary Material for Chapter 6 
 
 
Table S.6.1 For any budget or uncertainty scenario, the probability that a recovery plan will be 
included in the funded portfolio can be viewed graphically (Figure 6.2) or as a table of values. Here, 
each de-identified recovery plans is presented with their probability of being in the funded portfolio 
under a scenario with a $15M annual budget where high uncertainty was introduced into benefit 
estimates.  
 
Row 
Number 
Recovery Plan  
(unique identifier) 
Species 
in 
Recovery 
Plan 
mean 
Probability 
of Funding 
1 1-Flowering Plants-414 1 1 
2 1-Fishes-333 1 1 
3 1-Flowering Plants-413 1 1 
4 1-Amphibians-292 1 1 
5 1-Flowering Plants-554 1 1 
6 1-Flowering Plants-488 1 1 
7 1-Flowering Plants-503 1 1 
8 1-Insects-380 1 1 
9 2-Flowering Plants-511 2 1 
10 1-Arachnids-396 1 1 
11 1-Insects-102 1 1 
12 1-Flowering Plants-193 1 1 
13 3-Flowering Plants-522 3 1 
14 1-Clams-364 1 1 
15 1-Mammals-222 1 1 
16 1-Clams-339 1 1 
17 1-Fishes-320 1 1 
18 1-Flowering Plants-426 1 1 
19 1-Snails-368 1 1 
20 2-Birds-266 2 1 
21 1-Flowering Plants-521 1 1 
22 1-Flowering Plants-419 1 1 
23 1-Mammals-10 1 1 
24 1-Flowering Plants-180 1 1 
25 9-Snails-97 9 1 
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26 2-Fishes-315 2 1 
27 7-Insects-109 7 1 
28 3-Fishes-74 3 1 
29 26-Insects-110 26 1 
30 1-Flowering Plants-540 1 1 
31 1-Fishes-81 1 1 
32 1-Fishes-321 1 1 
33 1-Fishes-79 1 1 
34 1-Fishes-56 1 1 
35 26-Mammals-7 26 1 
36 1-Flowering Plants-418 1 1 
37 5-Fishes-73 5 1 
38 1-Flowering Plants-483 1 1 
39 1-Fishes-313 1 1 
40 1-Flowering Plants-158 1 1 
41 1-Mammals-2 1 1 
42 4-Ferns and Allies-563 4 1 
43 1-Flowering Plants-430 1 1 
44 2-Flowering Plants-441 2 1 
45 1-Flowering Plants-477 1 1 
46 2-Flowering Plants-462 2 1 
47 42-Snails-374 42 1 
48 1-Birds-271 1 1 
49 1-Birds-262 1 1 
50 1-Flowering Plants-453 1 1 
51 1-Birds-242 1 1 
52 3-Birds-239 3 1 
53 1-Flowering Plants-487 1 1 
54 1-Birds-241 1 1 
55 2-Birds-12 2 1 
56 1-Flowering Plants-496 1 1 
57 1-Flowering Plants-561 1 1 
58 25-Amphibians-51 25 1 
59 6-Flowering Plants-114 6 1 
60 16-Birds-20 16 1 
61 8-Flowering Plants-159 8 1 
62 5-Flowering Plants-152 5 1 
63 8-Conifers and Cycads-194 8 1 
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64 2-Flowering Plants-493 2 1 
65 1-Conifers and Cycads-195 1 1 
66 1-Mammals-215 1 1 
67 1-Flowering Plants-446 1 1 
68 1-Insects-382 1 1 
69 1-Fishes-304 1 1 
70 2-Flowering Plants-464 2 1 
71 5-Flowering Plants-164 5 1 
72 8-Flowering Plants-171 8 1 
73 2-Flowering Plants-532 2 1 
74 1-Insects-391 1 1 
75 1-Flowering Plants-443 1 1 
76 1-Reptiles-38 1 1 
77 10-Birds-13 10 1 
78 1-Insects-383 1 1 
79 1-Amphibians-289 1 1 
80 1-Reptiles-273 1 1 
81 2-Insects-104 2 1 
82 2-Insects-379 2 1 
83 1-Insects-105 1 1 
84 1-Insects-101 1 1 
85 3-Insects-377 3 1 
86 1-Insects-387 1 1 
87 1-Flowering Plants-534 1 1 
88 1-Flowering Plants-461 1 1 
89 1-Insects-378 1 1 
90 1-Flowering Plants-425 1 1 
91 1-Fishes-318 1 1 
92 1-Reptiles-29 1 1 
93 5-Fishes-308 5 1 
94 8-Amphibians-46 8 1 
95 1-Mammals-214 1 1 
96 7-Insects-390 7 1 
97 1-Flowering Plants-429 1 1 
98 1-Flowering Plants-161 1 1 
99 1-Fishes-325 1 1 
100 1-Fishes-317 1 1 
101 1-Reptiles-41 1 1 
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102 1-Fishes-309 1 1 
103 1-Birds-258 1 1 
104 1-Fishes-85 1 1 
105 1-Fishes-326 1 1 
106 1-Fishes-319 1 1 
107 1-Flowering Plants-529 1 1 
108 1-Flowering Plants-548 1 1 
109 1-Reptiles-283 1 1 
110 1-Ferns and Allies-197 1 1 
111 2-Snails-371 2 1 
112 1-Insects-385 1 1 
113 1-Flowering Plants-531 1 1 
114 1-Ferns and Allies-196 1 1 
115 2-Mammals-9 2 1 
116 4-Flowering Plants-138 4 1 
117 1-Flowering Plants-442 1 1 
118 1-Birds-265 1 1 
119 1-Clams-358 1 1 
120 1-Flowering Plants-473 1 1 
121 1-Clams-92 1 1 
122 1-Flowering Plants-420 1 1 
123 1-Flowering Plants-474 1 1 
124 1-Flowering Plants-535 1 1 
125 1-Flowering Plants-460 1 1 
126 1-Fishes-65 1 1 
127 1-Flowering Plants-517 1 1 
128 3-Mammals-217 3 1 
129 1-Flowering Plants-512 1 1 
130 2-Flowering Plants-439 2 1 
131 1-Fishes-299 1 1 
132 1-Flowering Plants-449 1 1 
133 1-Fishes-83 1 1 
134 1-Flowering Plants-178 1 1 
135 1-Flowering Plants-466 1 1 
136 1-Flowering Plants-130 1 1 
137 1-Crustaceans-405 1 1 
138 1-Flowering Plants-524 1 1 
139 1-Fishes-311 1 1 
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140 1-Crustaceans-406 1 1 
141 1-Flowering Plants-501 1 1 
142 1-Flowering Plants-475 1 1 
143 1-Amphibians-49 1 1 
144 1-Fishes-68 1 1 
145 1-Flowering Plants-163 1 1 
146 1-Flowering Plants-536 1 1 
147 1-Flowering Plants-469 1 1 
148 1-Flowering Plants-509 1 1 
149 1-Fishes-300 1 1 
150 1-Flowering Plants-179 1 1 
151 1-Flowering Plants-162 1 1 
152 1-Fishes-302 1 1 
153 1-Flowering Plants-558 1 1 
154 1-Flowering Plants-485 1 1 
155 2-Flowering Plants-504 2 1 
156 1-Clams-359 1 1 
157 1-Clams-365 1 1 
158 1-Flowering Plants-129 1 1 
159 1-Flowering Plants-492 1 1 
160 1-Clams-343 1 1 
161 1-Flowering Plants-450 1 1 
162 1-Flowering Plants-155 1 1 
163 2-Flowering Plants-187 2 1 
164 1-Fishes-330 1 1 
165 1-Flowering Plants-427 1 1 
166 1-Clams-362 1 1 
167 1-Flowering Plants-533 1 1 
168 1-Clams-363 1 1 
169 1-Flowering Plants-172 1 1 
170 4-Fishes-71 4 1 
171 1-Flowering Plants-502 1 1 
172 3-Flowering Plants-445 3 1 
173 3-Flowering Plants-431 3 1 
174 1-Birds-23 1 1 
175 1-Conifers and Cycads-562 1 1 
176 1-Flowering Plants-465 1 1 
177 1-Flowering Plants-135 1 1 
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178 1-Fishes-303 1 1 
179 1-Amphibians-45 1 1 
180 3-Flowering Plants-123 3 1 
181 1-Mammals-211 1 1 
182 1-Flowering Plants-476 1 1 
183 1-Flowering Plants-134 1 1 
184 1-Flowering Plants-436 1 1 
185 1-Flowering Plants-455 1 1 
186 1-Flowering Plants-527 1 1 
187 1-Flowering Plants-165 1 1 
188 1-Flowering Plants-505 1 1 
189 1-Flowering Plants-143 1 1 
190 1-Amphibians-288 1 1 
191 2-Flowering Plants-515 2 1 
192 1-Clams-89 1 1 
193 1-Snails-366 1 1 
194 1-Flowering Plants-435 1 1 
195 1-Snails-369 1 1 
196 1-Flowering Plants-491 1 1 
197 1-Crustaceans-401 1 1 
198 1-Flowering Plants-144 1 1 
199 1-Flowering Plants-467 1 1 
200 1-Flowering Plants-188 1 1 
201 1-Flowering Plants-448 1 1 
202 1-Flowering Plants-186 1 1 
203 1-Flowering Plants-175 1 1 
204 1-Flowering Plants-489 1 1 
205 1-Flowering Plants-150 1 1 
206 1-Fishes-312 1 1 
207 1-Fishes-61 1 1 
208 1-Flowering Plants-556 1 1 
209 1-Flowering Plants-472 1 1 
210 1-Clams-345 1 1 
211 1-Flowering Plants-132 1 1 
212 1-Clams-90 1 1 
213 1-Ferns and Allies-564 1 1 
214 1-Mammals-221 1 1 
215 1-Flowering Plants-137 1 1 
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216 1-Crustaceans-111 1 1 
217 1-Mammals-202 1 1 
218 1-Flowering Plants-433 1 1 
219 1-Fishes-298 1 1 
220 1-Flowering Plants-146 1 1 
221 1-Flowering Plants-528 1 1 
222 1-Flowering Plants-510 1 1 
223 1-Flowering Plants-139 1 1 
224 1-Reptiles-30 1 1 
225 1-Reptiles-31 1 1 
226 1-Flowering Plants-553 1 1 
227 1-Flowering Plants-185 1 1 
228 1-Flowering Plants-530 1 1 
229 1-Flowering Plants-128 1 1 
230 1-Flowering Plants-482 1 1 
231 1-Flowering Plants-444 1 1 
232 1-Fishes-76 1 1 
233 1-Reptiles-32 1 1 
234 1-Fishes-70 1 1 
235 1-Flowering Plants-447 1 1 
236 1-Snails-95 1 1 
237 1-Flowering Plants-470 1 1 
238 1-Insects-107 1 1 
239 1-Flowering Plants-478 1 1 
240 1-Flowering Plants-122 1 1 
241 2-Flowering Plants-434 2 1 
242 1-Fishes-72 1 1 
243 1-Snails-96 1 1 
244 1-Flowering Plants-156 1 1 
245 1-Flowering Plants-497 1 1 
246 1-Flowering Plants-523 1 1 
247 1-Fishes-78 1 1 
248 1-Fishes-306 1 1 
249 1-Flowering Plants-468 1 1 
250 1-Flowering Plants-486 1 1 
251 1-Flowering Plants-516 1 1 
252 1-Reptiles-284 1 1 
253 1-Flowering Plants-168 1 1 
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254 1-Flowering Plants-547 1 1 
255 1-Flowering Plants-124 1 1 
256 1-Amphibians-47 1 1 
257 1-Reptiles-279 1 1 
258 7-Ferns and Allies-566 7 1 
259 1-Birds-253 1 1 
260 2-Flowering Plants-518 2 1 
261 5-Flowering Plants-499 5 1 
262 1-Birds-257 1 1 
263 1-Insects-108 1 1 
264 1-Clams-336 1 1 
265 1-Fishes-316 1 1 
266 1-Fishes-63 1 1 
267 1-Amphibians-44 1 1 
268 1-Flowering Plants-546 1 1 
269 1-Clams-350 1 1 
270 1-Reptiles-35 1 1 
271 1-Flowering Plants-513 1 1 
272 1-Fishes-310 1 1 
273 1-Birds-21 1 1 
274 1-Flowering Plants-520 1 1 
275 1-Snails-370 1 1 
276 1-Flowering Plants-543 1 1 
277 1-Reptiles-282 1 1 
278 1-Insects-392 1 1 
279 1-Flowering Plants-147 1 1 
280 2-Reptiles-39 2 1 
281 1-Flowering Plants-189 1 1 
282 1-Flowering Plants-514 1 1 
283 1-Flowering Plants-181 1 1 
284 1-Flowering Plants-151 1 1 
285 1-Amphibians-291 1 1 
286 1-Flowering Plants-481 1 1 
287 1-Flowering Plants-142 1 1 
288 1-Fishes-62 1 1 
289 1-Fishes-66 1 1 
290 1-Flowering Plants-458 1 1 
291 1-Flowering Plants-440 1 1 
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292 1-Fishes-314 1 1 
293 1-Flowering Plants-508 1 1 
294 1-Fishes-59 1 1 
295 2-Flowering Plants-131 2 1 
296 1-Crustaceans-402 1 1 
297 1-Fishes-69 1 1 
298 1-Clams-360 1 1 
299 1-Fishes-60 1 1 
300 1-Flowering Plants-452 1 1 
301 1-Flowering Plants-166 1 1 
302 1-Clams-356 1 1 
303 1-Flowering Plants-537 1 1 
304 1-Flowering Plants-506 1 1 
305 1-Flowering Plants-438 1 1 
306 1-Flowering Plants-484 1 1 
307 1-Flowering Plants-471 1 1 
308 3-Clams-335 3 1 
309 1-Flowering Plants-424 1 1 
310 5-Clams-355 5 1 
311 1-Insects-384 1 1 
312 3-Flowering Plants-145 3 1 
313 3-Flowering Plants-192 3 1 
314 1-Flowering Plants-498 1 1 
315 1-Reptiles-285 1 1 
316 1-Flowering Plants-127 1 1 
317 1-Flowering Plants-182 1 1 
318 1-Fishes-64 1 1 
319 1-Flowering Plants-463 1 1 
320 1-Fishes-305 1 1 
321 1-Flowering Plants-526 1 1 
322 1-Flowering Plants-541 1 1 
323 1-Clams-337 1 1 
324 1-Flowering Plants-557 1 1 
325 1-Birds-15 1 1 
326 1-Reptiles-36 1 1 
327 1-Fishes-67 1 1 
328 1-Flowering Plants-416 1 1 
329 1-Flowering Plants-133 1 1 
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330 1-Flowering Plants-170 1 1 
331 1-Fishes-332 1 1 
332 15-Fishes-75 15 1 
333 1-Crustaceans-399 1 1 
334 1-Lichens-567 1 1 
335 2-Flowering Plants-542 2 1 
336 1-Fishes-329 1 1 
337 1-Flowering Plants-480 1 1 
338 1-Mammals-230 1 1 
339 1-Flowering Plants-408 1 1 
340 1-Flowering Plants-555 1 1 
341 1-Flowering Plants-116 1 1 
342 1-Flowering Plants-417 1 1 
343 6-Snails-98 6 1 
344 2-Arachnids-395 2 1 
345 1-Flowering Plants-552 1 1 
346 1-Flowering Plants-174 1 1 
347 1-Snails-93 1 1 
348 10-Crustaceans-112 10 1 
349 2-Flowering Plants-559 2 1 
350 1-Mammals-232 1 1 
351 1-Flowering Plants-422 1 1 
352 1-Flowering Plants-167 1 1 
353 1-Flowering Plants-560 1 1 
354 1-Flowering Plants-113 1 1 
355 1-Flowering Plants-412 1 1 
356 3-Flowering Plants-410 3 1 
357 1-Flowering Plants-173 1 0.99 
358 1-Flowering Plants-177 1 0.99 
359 1-Flowering Plants-157 1 0.99 
360 1-Fishes-307 1 0.99 
361 1-Birds-245 1 0.99 
362 2-Mammals-219 2 0.99 
363 1-Flowering Plants-507 1 0.99 
364 1-Crustaceans-397 1 0.99 
365 1-Flowering Plants-545 1 0.99 
366 1-Flowering Plants-549 1 0.99 
367 1-Flowering Plants-126 1 0.99 
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368 1-Fishes-328 1 0.99 
369 1-Insects-375 1 0.98 
370 1-Reptiles-33 1 0.98 
371 1-Mammals-231 1 0.98 
372 1-Flowering Plants-136 1 0.98 
373 1-Birds-22 1 0.97 
374 1-Flowering Plants-423 1 0.97 
375 1-Flowering Plants-457 1 0.96 
376 1-Birds-250 1 0.96 
377 1-Flowering Plants-432 1 0.95 
378 1-Flowering Plants-500 1 0.95 
379 1-Flowering Plants-544 1 0.94 
380 1-Flowering Plants-494 1 0.93 
381 2-Flowering Plants-454 2 0.93 
382 1-Flowering Plants-495 1 0.93 
383 1-Flowering Plants-153 1 0.93 
384 1-Flowering Plants-184 1 0.92 
385 1-Flowering Plants-169 1 0.91 
386 1-Birds-17 1 0.88 
387 1-Birds-251 1 0.88 
388 1-Mammals-227 1 0.88 
389 1-Reptiles-281 1 0.87 
390 1-Fishes-301 1 0.86 
391 2-Mammals-4 2 0.85 
392 1-Flowering Plants-190 1 0.79 
393 1-Mammals-210 1 0.76 
394 1-Snails-99 1 0.72 
395 3-Flowering Plants-407 3 0.71 
396 2-Flowering Plants-409 2 0.68 
397 1-Flowering Plants-519 1 0.68 
398 1-Crustaceans-404 1 0.62 
399 1-Fishes-77 1 0.58 
400 1-Ferns and Allies-565 1 0.54 
401 1-Mammals-216 1 0.53 
402 1-Reptiles-277 1 0.44 
403 1-Insects-386 1 0.43 
404 1-Reptiles-37 1 0.42 
405 1-Flowering Plants-490 1 0.41 
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406 1-Flowering Plants-525 1 0.31 
407 3-Flowering Plants-550 3 0.31 
408 1-Flowering Plants-551 1 0.22 
409 1-Mammals-218 1 0.21 
410 1-Mammals-220 1 0.21 
411 1-Fishes-54 1 0.21 
412 1-Mammals-224 1 0.2 
413 2-Clams-357 2 0.16 
414 1-Flowering Plants-140 1 0.12 
415 1-Amphibians-48 1 0.11 
416 1-Snails-373 1 0.06 
417 1-Amphibians-295 1 0.03 
418 1-Mammals-207 1 0.02 
419 1-Fishes-53 1 0.02 
420 1-Clams-352 1 0.01 
421 1-Flowering Plants-121 1 0 
422 1-Insects-394 1 0 
423 1-Mammals-8 1 0 
424 1-Insects-376 1 0 
425 1-Crustaceans-403 1 0 
426 1-Flowering Plants-160 1 0 
427 1-Insects-388 1 0 
428 1-Mammals-201 1 0 
429 46-Birds-14 46 0 
430 1-Fishes-322 1 0 
431 1-Fishes-80 1 0 
432 1-Flowering Plants-459 1 0 
433 1-Fishes-57 1 0 
434 3-Fishes-87 3 0 
435 1-Fishes-86 1 0 
436 1-Snails-372 1 0 
437 1-Fishes-58 1 0 
438 1-Reptiles-43 1 0 
439 1-Fishes-297 1 0 
440 1-Birds-25 1 0 
441 1-Insects-100 1 0 
442 1-Birds-24 1 0 
443 1-Birds-261 1 0 
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444 1-Insects-389 1 0 
445 36-Flowering Plants-118 36 0 
446 1-Mammals-206 1 0 
447 1-Birds-252 1 0 
448 66-Flowering Plants-411 66 0 
449 1-Birds-246 1 0 
450 20-Flowering Plants-149 20 0 
451 35-Flowering Plants-176 35 0 
452 21-Flowering Plants-125 21 0 
453 56-Flowering Plants-119 56 0 
454 9-Flowering Plants-421 9 0 
455 1-Flowering Plants-451 1 0 
456 5-Flowering Plants-456 5 0 
457 5-Birds-259 5 0 
458 4-Birds-237 4 0 
459 21-Birds-233 21 0 
460 1-Birds-240 1 0 
461 1-Birds-238 1 0 
462 1-Birds-236 1 0 
463 2-Fishes-323 2 0 
464 1-Mammals-229 1 0 
465 13-Flowering Plants-115 13 0 
466 1-Amphibians-294 1 0 
467 1-Amphibians-287 1 0 
468 1-Birds-234 1 0 
469 1-Flowering Plants-117 1 0 
470 1-Insects-381 1 0 
471 1-Mammals-228 1 0 
472 1-Mammals-226 1 0 
473 1-Birds-264 1 0 
474 1-Birds-254 1 0 
475 5-Mammals-11 5 0 
476 2-Flowering Plants-428 2 0 
477 1-Birds-19 1 0 
478 1-Amphibians-50 1 0 
479 6-Flowering Plants-120 6 0 
480 1-Crustaceans-400 1 0 
481 28-Insects-106 28 0 
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482 1-Crustaceans-398 1 0 
483 33-Mammals-200 33 0 
484 6-Fishes-88 6 0 
485 1-Reptiles-280 1 0 
486 1-Reptiles-276 1 0 
487 1-Reptiles-275 1 0 
488 1-Birds-272 1 0 
489 1-Birds-235 1 0 
490 1-Reptiles-274 1 0 
491 1-Mammals-1 1 0 
492 1-Birds-249 1 0 
493 1-Mammals-223 1 0 
494 1-Birds-270 1 0 
495 1-Birds-256 1 0 
496 1-Reptiles-28 1 0 
497 1-Birds-244 1 0 
498 1-Birds-269 1 0 
499 1-Mammals-199 1 0 
500 5-Clams-334 5 0 
501 1-Clams-351 1 0 
502 1-Snails-94 1 0 
503 1-Mammals-203 1 0 
504 19-Flowering Plants-141 19 0 
505 1-Fishes-82 1 0 
506 1-Clams-338 1 0 
507 1-Fishes-296 1 0 
508 1-Mammals-198 1 0 
509 1-Clams-361 1 0 
510 1-Reptiles-278 1 0 
511 1-Birds-267 1 0 
512 3-Mammals-209 3 0 
513 1-Birds-16 1 0 
514 1-Reptiles-286 1 0 
515 2-Mammals-213 2 0 
516 1-Birds-243 1 0 
517 1-Mammals-205 1 0 
518 1-Fishes-331 1 0 
519 1-Birds-268 1 0 
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520 1-Flowering Plants-538 1 0 
521 1-Snails-367 1 0 
522 1-Flowering Plants-191 1 0 
523 1-Flowering Plants-479 1 0 
524 1-Birds-255 1 0 
525 7-Clams-91 7 0 
526 1-Reptiles-42 1 0 
527 29-Insects-103 29 0 
528 1-Birds-18 1 0 
529 2-Amphibians-290 2 0 
530 1-Amphibians-52 1 0 
531 1-Birds-260 1 0 
532 1-Birds-263 1 0 
533 2-Flowering Plants-539 2 0 
534 1-Reptiles-40 1 0 
535 9-Insects-393 9 0 
536 1-Birds-248 1 0 
537 1-Clams-353 1 0 
538 13-Flowering Plants-148 13 0 
539 1-Flowering Plants-415 1 0 
540 1-Fishes-84 1 0 
541 6-Mammals-208 6 0 
542 1-Mammals-5 1 0 
543 1-Birds-247 1 0 
544 4-Mammals-6 4 0 
545 1-Mammals-212 1 0 
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Table S.6.2 The influence of uncertainty on the expected conservation benefit of the optimal funded 
portfolio is negligible when uncertainty is introduced into benefit and success. It does not exist when 
uncertainty is introduced into estimates of recovery plan cost because cost is not used to estimate 
conservation benefit. In these results, the medium budget scenario ($15M) is used, and uncertainty is 
applied to only one parameter at a time. 
 
Parameter Uncertainty 
Conservation Benefit ± SD 
(i.e., species meeting the 
recovery criteria for down-listing 
or delisting after 50 years) 
Benefit Low 553 ± 0.65 
Success Low 553 ± 0.55 
Cost Low 553 ± 0.00 
Benefit Medium 553 ± 1.36 
Success Medium 553 ± 1.28 
Cost Medium 553 ± 0.00 
Benefit High 553 ± 2.1 
Success High 553 ± 1.78 
Cost High 553 ± 0.00 
 
  
 
 
 
 
 
 
 
 
 
 176 
Appendix C: Overcoming hurdles to developing quantitative 
decision support for endangered species recovery 
 
Target Journal: Conservation Letters 
 
Gwenllian D. Iacona1,2*, Stephanie Avery-Gomm1,2, Richard F. Maloney3, James Brazill-
Boast4, Deborah Crouse5, C. Ashton Drew6, Rebecca S. Epanchin-Niell7, Sarah B. Hall8, 
Lynn A. Maguire9, Tim Male10, Don Morgan5, Jeff Newman5, Hugh P. Possingham11, Libby 
Rumpff12, Michael C. Runge13, Katherine C.B. Weiss14,15, Robyn S. Wilson16, Marilet A. 
Zablan8, Leah R. Gerber14 
*Corresponding author: now at Resources for the Future, 1616 P St. NW, Washington, DC, 20036, 
USA gdiacona@gmail.com 
1ARC Centre of Excellence for Environmental Decisions, University of Queensland, Brisbane, 
Queensland, 4072, Australia.  
2 School of Biological Sciences, The University of Queensland, Brisbane, Queensland, 4072, 
Australia 
3 Planning and Support Unit, Biodiversity Group, Department of Conservation, Christchurch 8140, 
New Zealand 
4 Conservation Programs Branch, Conservation and Regional Delivery, Office of Environment and 
Heritage, Sydney, New South Wales, Australia 
5 US Fish and Wildlife Service, Ecological Services, Division of Restoration and Recovery, 5275 
Leesburg Pike, Falls Church, VA, 22041, USA 
6 KDV Decision Analysis LLC, 1414 Links Drive, NC, 27560, USA 
7 Resources for the Future, 1616 P St. NW, Washington, DC, 20036, USA 
8US Fish and Wildlife Service, Pacific Region, Ecological Services, Restoration and Endangered 
Species Classification Program, 911 NE 11th Avenue Portland, OR 97232, USA. 
9 Nicholas School of the Environment, Duke University, Durham, NC, 27708-0328, USA 
10 Environmental Policy Innovation Center, 7003 Woodland Avenue, Takoma Park, MD, 20912, USA 
11 Office of the Chief Scientist, The Nature Conservancy, 4245 North Fairfax Drive, Suite 100, 
Arlington, Virginia, 22203-1606, USA 
12 School of BioSciences, The University of Melbourne, Melbourne, Victoria, 3010, Australia  
13 U.S. Geological Survey, Patuxent Wildlife Research Center, 12100 Beech Forest Rd, Laurel, MD, 
20708, USA 
14 School of Life Sciences, Arizona State University, Tempe, AZ, USA.  
15 National Socio-Environmental Synthesis Center, 1 Park Place, Suite 300, Annapolis, MD, 21401, 
USA 
16 College of Food, Agricultural and Environmental Sciences, School of Environment and Natural 
Resources, The Ohio State University, Columbus, OH, 43210, USA 
 
  
 
 
 
 
 
 
 
 
 
 177 
Abstract 
Decision theory provides guidance on how to efficiently allocate limited resources to 
maximise conservation outcomes, but implementing the theory is challenging. The US Fish 
and Wildlife Service (FWS) is responsible for overseeing recovery of species protected by 
the US Endangered Species Act. A structured approach to allocating conservation resources 
could increase recovery outcomes when resources are limited, but FWS faces hurdles in the 
development of such a structure. Hurdles include perceptions that: 1) scarce resources should 
be spent on implementation, not decision support; 2) prioritization is only useful for simple 
decisions; 3) structured decision support is a black box; 4) available data are not good enough 
to support decisions; and 5) prioritization means giving up on some goals. Here, we describe 
how we overcome perceived hurdles in decision support as we co-developed a resource 
allocation tool to help FWS managers understand trade-offs in endangered species recovery. 
Our findings have the potential to assist any agency considering quantitative decision support 
for resource allocation and suggest that a participatory approach provides strong institutional 
buy-in with development of fit for purpose decision support tools.   
 
 
Introduction to FWS and decision support tool 
Recovering endangered species is a global priority (e.g., Aichi Target 12, 
https://www.cbd.int/sp/targets/). The US Fish and Wildlife Service (FWS) is responsible for 
spearheading recovery for the more than 1500 species listed under the Endangered Species 
Act (ESA). To guide recovery of endangered species, the FWS develops recovery plans that 
identify the actions necessary to improve the status of species. FWS then allocates resources 
directly to recovery actions or uses those resources to enable and support partnerships to 
achieve recovery. The aim of the processes is to delist each species and remove its 
protections under the ESA. However, similar to most conservation initiatives (McCarthy et al 
2012), fully implementing required recovery efforts is perpetually limited by inadequate 
funding (Male and Bean 2005). Given these characteristics, cost-effectiveness prioritization is 
potentially a useful approach for helping managers allocate limited funding as efficiently as 
possible (Langpap and Kerkvliet 2010, Joseph et al 2009).  
Quantitative prioritization methods show great promise in delivering greater conservation 
outcomes in the face of chronic global budget constraints (Margules and Pressey 2000). Such 
methods offer an approach to facilitate resource allocation decisions, especially when they 
are made rapidly and with limited data, and are routinely used in protected area planning 
(Moilanen et al. 2009). Resource allocation prioritizations have the primary advantage of 
supporting more transparent decisions, consistently matching efforts to stated objectives, 
accounting for uncertainty, and leading to more cost-effective outcomes (Joseph et al. 2009, 
Carwardine et al. 2012, Firn et al. 2015, Di Fonzo et al. 2017, Martin et al., 2018). However, 
decision-support prioritization tools are often disregarded as being too simplistic for the 
complexities of real-world decision-making or too complicated for implementation by 
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management agencies (Gibson et al. 2017). These issues can be attributed to development 
mismatches, such as prioritization decision support tools not addressing the relevant 
complexity of the decision context, or being inaccessible by users. However, the problems 
also speak to some common misconceptions about the use of quantitative models to support 
decision making (Addison et al 2013).  
If management organizations are to benefit from decision support tools and change how they 
use or view information to support current management decision-making practises, then we 
need to carefully address development mismatches and misconceptions. Here, we describe 
how we worked to address these concerns during the development of a prototype 
prioritization tool that FWS could use to explore allocation of resources targeted at actions to 
recover endangered species. The aim of the tool is to strategically choose which recovery 
plans to fund when considering budget and other constraints (Gerber et al., 2018), and the 
collaborative co-development process allowed us to iterate tool formulation and approach 
with users.  
The prototype tool was developed through a collaborative working group process that 
engaged researchers from diverse disciplines and practitioners from both FWS and 
international conservation agencies. Engagement between researchers and FWS began in 
advance of drawing together the group, which then worked together at 4 meetings, over three 
years, with substantial work by the research team between meetings. Much of the in person 
collaborative work focused on problem formulation – including appropriate identification and 
depiction of FWS objectives, with later meetings used to refine and validate tool features. 
To explore how alternative resource allocation strategies could affect FWS objectives, our 
resource allocation explorer tool includes an interactive interface to visualize the outcomes of 
different scenarios (Box 1). The tool allows managers to explore how budget allocation 
choices across regions, taxonomic groups, or recovery priorities influences the number of 
species set on the road to recovery. The resource allocation explorer tool implements a 
resource allocation algorithm based on a project prioritization approach (Joseph et al. 2009) 
and uses data from active recovery plans and Recovery Priority Numbers (RPNs, USFWS 
1983). The tool allows for the estimation of costs, benefits, and feasibility of funding for 
different recovery plans to support comparisons of the efficiency of implementing each plan 
in relation to achieving desired conservation objectives (see Gerber et al. 2018 Supplemental 
Information for detail). 
The resource allocation tool’s success depended on the ability of agency representatives to 
see and embrace the legitimacy of the development process. FWS members voiced five 
recurring concerns during the development of the tool, which focused around hurdles to 
implementing a cost-effectiveness prioritization for decision support within the agency. 
Concerns reflected perceptions that: 1) scarce resources should be spent on implementation, 
not decision support; 2) prioritization is only useful for simple decision contexts; 3) decision 
support tools are often opaque (a “black box”); 4) available data are not good enough to 
support decisions; and 5) prioritization means giving up on some goals. Some of these 
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concerns (particularly 3) highlight the important considerations for modellers that decision 
support tools need to be developed in collaboration with users to ensure they are fit for 
purpose. To this end, we worked with FWS representatives to develop a vision for cost-
efficient resource allocation and a tool to allow managers to explore its implications. In 
addition, institutional change is a slow process that requires leadership and careful 
consideration of concerns and perceived barriers (Kotter and Rathgeber 2006). Considerable 
theory informs how institutions can enact change, but here we focus on the step of creating 
and communicating a vision for change (Kotter 1995).  
The five development hurdles we discuss link to different stages of the decision process and 
reflect concerns most often described by FWS during the resource allocation tool’s creation 
(Fig. 1, summarised in Table 1). These hurdles are relevant to other agencies when 
attempting to implement decision support tools focused on real-world applications (Kim et al. 
2016, Gibson et al. 2017).We describe the rationale behind perceived hurdles and our 
solutions to overcoming these hurdles within the FWS context. 
 
Hurdles to implementing quantitative decision support 
1. Scarce resources should be spent on action, not decision support  
Coordination of endangered species management and recovery at a national level is an 
immense responsibility. Recovery managers usually have a good idea about the relative 
urgency of possible alternate recovery actions within their district, but often face funding 
constraints when implementing actions. Managers are often hesitant to divert limited 
resources to recovery prioritization exercises when they already have a long list of projects 
that could be funded with the same money. 
If we were confident that current resource allocation strategies could identify and fund the 
recovery plans and actions that achieved the most urgent and beneficial conservation 
outcomes, all funding would be justified in being spent directly on recovery. However, past 
patterns of spending and recovery suggest that improved recovery outcomes could be 
achieved under a more proactive approach to identifying efficient resource allocation 
strategies across regions (Metrick and Weitzman 1996, Gerber 2016, Evans et al. 2016).  
In our collaborative working group, we explored how a resource allocation approach could 
increase the number of species put on the road to recovery for equivalent funding levels while 
also providing clarity about the trade-offs among alternative funding allocations (Gerber et al. 
2018). We explored how much improvement in performance is expected based on resource 
allocation theory (Joseph et al. 1999, Carwardine et al. 2012, Carwardine et al. 2019), and 
how investing in improving institutional capacity can positively influence conservation 
outcomes over the long term (e.g., Iacona et al. 2017). We also explored previous cases of 
transparent and defensible approaches to threatened species allocation and considered how 
these approaches enabled managers to quantify and increase the effects of recovery funding 
for about 700 species in New Zealand (Joseph et al. 1999) and obtain $100 million of 
additional recovery funding in Australia (Brazill-Boast et al. 2018). These examples showed 
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that when the variability in cost-effectiveness across actions was great and the potential 
budget was high a quantitative decision support approach had the potential to deliver greater 
outcomes than simply spending more money. These characteristics are present in US 
endangered species recovery decisions, suggesting that significant positive outcomes would 
outweigh the cost of decision support development.  
 
2. Quantitative approaches are only useful for simple decisions  
We faced some concern that examples of existing quantitative approaches simplify the 
depiction of decisions too much to be useful for decision support in the complexity of the real 
world. Decisions in FWS, as in many organizations, often involve multiple linked decisions, 
with different decision-makers across many layers of the agency’s hierarchical structure. 
Within FWS, funding for the recovery of listed species is first allotted across eight regions 
throughout the country. Each region then allocates funding to its field offices, which make 
decisions about specific projects. The regions and field offices have considerable autonomy 
when making funding decisions for projects to most effectively apply resources locally and 
take advantage of staff expertise and on-the-ground partnership opportunities. Yet, federally 
allocated funding is primarily committed to staffing, and limited flexibility exists for the re-
allocation of staff time and expertise among regions for the implementation of actions from 
high priority recovery plans. 
The FWS’ institutional structure and its confounding factors needed to be deliberated and 
carefully accounted for in the development of the resource allocation tool. We achieved this 
through a collaborative process to first formulate the decision problem, which is a critical 
step in any decision support tool development (Addison et al 2013).  Rather than setting out 
to develop a tool that could address all decision contexts, it was decided the tool would focus 
on decisions made at the federal level.  However, the decision context is still far from 
‘simple’, due to the variety of objectives and constraints that can come into play.   
The management agency’s objectives were identified at this scale, along with possible 
constraints to achieving those objective(s) (Fig. 1). Doing so required explicit consideration 
of the full range of factors influencing the decision and determination of which complications 
are critical to the decision. For example, our tool included the ability to consider proportional 
resource allocation across regions so that end-users can incorporate institutional constraints 
into scenarios and consider the implications of funding allocations (Box 1). Time spent on 
tool co-development by the group was largely focused on formulating the decision problem 
to adequately encompass the complexity with regards to institutional structure. In addition, 
we focused on how to incorporate regard for the different values intrinsic to particular species 
or places via weightings that align with the decision-maker’s values and priorities (e.g. 
phylogenetic distinctiveness, cultural value, social value, ecological function/keystone 
species etc). Spending significant time incorporating the necessary complexity helped to 
produce a tool that had institutional buy-in, because it could represent realistic decision trade-
offs in a transparent manner.  
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3. Quantitative tools are prescriptive black boxes 
Some consider a resource allocation algorithm a “black box” approach to making decisions 
that is difficult to comprehend and does not explicitly take into account the expertise, context, 
values, and knowledge of local managers. The hierarchical structure in FWS decision making 
allows those who are most knowledgeable about a particular system to identify and justify the 
priorities for species recovery within that system. However, it also makes strategic decision 
making across the organization potentially less efficient and transparent, because it is unclear 
how the local priorities of one region relate to priorities of other regions or the broader, 
national FWS objectives. By not having a clearly laid out and consistent approach, operations 
may over-commit to local priorities, which can reduce the movement of resources to higher 
priority locations in other regions. Further, some may interpret discussions surrounding the 
redistribution of resources as eroding the past work of conservationists and advocates, 
threatening future local opportunities and positions.   
A structured, quantitative approach to decision making will increase transparency about the 
effects of these institutional constraints on measures of success in protecting endangered 
species. This is because a quantitative prioritization approach provides a common framework 
for articulating objectives, sharing knowledge, and evaluating potential solutions and can 
explicitly account for the expertise, context, values, and knowledge of local managers in a 
systematic and scaled up manner. The resource allocation explorer tool was co-developed 
with FWS to minimize the perceived mismatch between end user needs and decision tool 
capabilities (Gibson et al. 2017).   
Wherever available resources are insufficient to complete all tasks, managers already make 
allocation choices. The tool does not make decisions for the manager, rather it provides 
managers with the ability to explore a range of scenarios, compare and contrast the 
implications of these decisions, and describe the collective and local outcomes that will 
inform their own resource allocation choices.  provide benefits over an unstructured decision 
making process. 
One of the most important parts of this process was to understand the precise goals that 
managers aimed to accomplish (for example, long-term recovery of many species versus 
short-term prevention of any extinctions) and working with them to develop allocation 
algorithms to examine how to optimally achieve various objectives. Ameliorating concerns 
about the tool being a black box came from clear articulation of how the problem formulation 
is designed to logically represent decisions that managers are already making. A shared 
development process increases outcome acceptability (Arvai 2003), and in our case increased 
understanding of the logic behind the allocation algorithm and allowed for development of 
outputs, metrics, and summary statistics that can be fully integrated into organisational 
thinking.  
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4. Available data are not accurate enough to support decisions 
Concern about the quality of underlying data is one of the most common arguments against 
using quantitative approaches to inform conservation decision making (Addison et al. 2013, 
Kim et al. 2016, Gibson et al. 2017). This is a valid concern, and the advantage to 
quantitative tools is that they can be used to explore whether data quality and uncertainty 
affects a decision, and if so, which data needs to be updated to support the decision. 
For the algorithm underlying the resource allocation explorer tool, we obtained information 
on all active recovery plans and the costs of completing each plan from the FWS 
Environmental Conservation Online System (ECOS) database (http://ecos.fws.gov/ecp/). We 
assigned benefits based on the “threats” and “feasibility” components of the Recovery 
Priority Number (RPN, FWS 1983), and a taxonomic weighting based on the “taxonomic 
priority” component of the RPN (See Gerber et al., 2018 SI for more details). These data are 
the best available, and ostensibly most equivalent, estimates of benefits and costs across 
recovery plans. However, a recurring concern from FWS is that the data are not realistically 
equal across plans, and that many factors (including how long ago the plan was written, the 
public interest in the species, and the recovery actions required) influence the comparability 
of value estimates.  
It is important to recognise that these data are already being used to support judgement and 
decisions, just not in a structured or transparent way (Game et al. 2013). Examining spending 
decisions within a cost-effectiveness framework forces explicit considerations of data 
limitations in relation to their impact on the resulting decision. By using a tool-based 
approach, sensitivity analyses can be readily used to examine how uncertainty in the data can 
affect the outcome of a decision (e.g., Avery-Gomm in prep). Of primary interest to decision-
makers is determining if a resource allocation tool can reliably identify which projects (i.e., 
species recovery plans) to prioritize—even in the presence of data-quality concerns regarding 
the estimates of cost, benefit, and feasibility for recovery plan actions. We found that 
allocation decisions were relatively robust to the uncertainty in the underlying data – this 
could be either current values or change in those values over time (Avery-Gomm et al. in 
prep). Thus, we were able to move forward with developing a prototype tool to explore the 
implications of upper level resource allocation decisions. 
 
5. Prioritization means admitting defeat 
The language of “prioritization” that resource allocation sometimes falls under can raise 
concerns that, by prioritizing, you must forgo other goals, values, or species. Funding 
recovery of certain species over others may seem to imply choosing to let some species go 
extinct as a result of prioritizing others (Jachowski and Kesler 2009). This is a form of 
conservation triage, which has been purported as an unacceptable approach to allocating 
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species conservation efforts (Vucetich et al. 2017). Permitting such loss of species goes 
against the ethical beliefs of many and is counter to the intent of the Endangered Species Act, 
which seeks to “conserve endangered species and threatened species”  by using “all methods 
and procedures which are necessary to bring any endangered species or threatened species to 
the point at which the measures provided pursuant to this Act are no longer necessary” (16 
U.S.C. Sections 1531)  
Yet, in the absence of adequate funding, any allocation process, including using the 
judgement of local managers, is a decision to fund some species and not fund others. 
Prioritization is implicit in any decision-making process, whether using decision support tools 
or not. Further, resource allocation analysis can be used to highlight the funding required to 
best meet a declared objective. For endangered species, often this objective includes 
consideration of an urgency to act and the achievability of actions, and therefore places 
emphasis on working on feasible and urgent projects. This process does defer action on 
unachievable or less urgent projects but leaves open the option that as funding resources 
increase or higher priority investments are completed, work can commence on projects 
further down the list. A persistent lack of adequate funding can result in species extinction. 
However, so can over-investing resources in expensive and hard-to-recover species at the 
expense of other vulnerable species where the same investment might yield major 
improvements in status in the near term. Developing a decision support tool that provides a 
structured, logical, and transparent process for allocating resources can minimize possible 
extinctions and better support agency objectives (Gerber et al. 2018). By quantitatively 
considering the likely outcomes of different funding scenarios, the agency can identify trade-
offs inherent to different choices and communicate expected outcomes to stakeholders. For 
instance, the tool allows for exploration of the central trade-offs found in focusing on a short-
term objective (e.g., minimize extinctions over the next 10 years) versus a longer-term 
objective (e.g., maximize the number of species recovered over the next 50 years). The 
balance between these choices is a difficult value judgement that decision-makers must make. 
Providing a decision framework for making such comparisons brings transparency and 
efficiency to the process. 
 
The importance of these hurdles for FWS and the tool 
The resource allocation explorer tool aims to enable FWS to evaluate whether adopting a 
cost-efficiency approach to resource allocation for endangered species recovery can help 
increase the number of species recovered, and to report on how that approach would permit 
recovery of more species than the status quo. However, establishing a policy and practice of 
cost-efficient resource allocation within an agency is a long-term process. Developing the 
prototype resource allocation explorer tool is an important new step in that process. 
Working through these hurdles built confidence within the development team in the 
legitimacy of the approach and allowed development of a prototype tool that aimed to 
respond to user needs. The next step is for the prototype tool to be presented to additional 
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stakeholders within FWS so they can question and interrogate it, and so it can be adapted to 
have the right objectives, structure, data etc.  FWS managers are now assessing how to 
display and support the resource allocation tool within the organisation so that it can be fully 
developed to help support and inform decisions made during budget allocation.  Discussing 
hurdles and the ways around them helped solidify project direction, the assumptions behind 
the tool, and the legitimate boundaries of tool application. The aim of this paper is to 
document the process so far and to help address future concerns, both internally and by the 
public, as the tool development continues and as it is rolled out for use within the agency.  
 
The importance of these hurdles for decision science and others developing decision 
processes 
Decision making with limited resources and with a complex array of potential options is 
always hard. The difficulty any decision-maker has is in absorbing all the relevant 
information in a consistent manner, assimilating key elements, applying criteria and 
weightings, understanding and reporting back all the options and the national and regional 
consequences and context, and then comparing and contrasting possible scenarios and trade-
offs. Here, we discuss the hurdles we experienced in developing the prototype resource 
allocation explorer tool for FWS.  These are not the only hurdles that could conceivably be 
encountered in developing a quantitative conservation decision support system though. We 
focus on these five, because they were important in our project and offer potential ways 
forward for other institutions working on similar resource allocation problems. In a world 
threatened by significant biodiversity losses and limited conservation budgets, it is critical 
that funding allocation decisions are carefully made. Decision analytic approaches aim to 
help decision-makers step through the process in a transparent and logical way. With the 
additional help of visualisation tools, we can further frame results in ways that are easy to 
understand and in the language of the user. However, decision support tools must address 
development hurdles, such as those we describe, to fully achieve conservation objectives.  
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Table 1: Perceived hurdles to using quantitative decision tools to support allocation of 
endangered species recovery funding.  
 
 
Perceived hurdle Logic behind hurdle Resolution 
1 
Scarce resources 
should be spent 
on action, not 
decision support  
It is better to use the resources 
we have to do the on-the-
ground action that is currently 
underfunded; more planning is 
just a distraction.  
Use prototype tool to 
demonstrate potential gains from 
efficiency and provide success 
stories from other agencies 
 2 
Quantitative 
approaches are 
only useful for 
simple decisions 
Our decisions are influenced by 
institutional politics, equity, 
preferences, and inertia  
Co-development of tool enables 
identification, explicit definition, 
and relevant incorporation of 
complications.  
3 
Quantitative tools 
are prescriptive 
black-boxes 
 
We do not want a “black box” 
to determine decisions while 
disregarding management goals 
and manager knowledge of 
system 
Co-development of the tool 
ensures manager objectives are 
explicit and codified into the tool.  
4 
Available data 
are not accurate 
enough to 
support decisions 
The data we have are uncertain, 
at the wrong resolution or 
incomplete and therefore cannot 
be used for decision making 
Use sensitivity tests to determine 
effect of data uncertainty on 
decision recommendations (other 
solutions include elicit data, 
targeted collection of new data) 
5 
Prioritization 
means admitting 
defeat 
 
It is unethical to deliberately let 
species go extinct, our job 
should be to get enough money 
to save them all 
Stress that species are currently 
going extinct and formal resource 
allocation seeks to maximize 
achievement of the agency’s 
objectives  
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Figure 1: ESA decision process for undertaking recovery of ESA listed species, and points in 
that decision process where hurdles arise. Hurdles are indicated by white numbers 
corresponding with Table 1. This collaborative tool development worked on the decision 
process from “what do you want?” to how to “choose from the things you can do…”. The 
dashed arrow indicates future steps, and their relevant hurdles. 
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Box 1: Resource allocation recovery explorer tool  
We developed a graphical user interface to provide decision-makers with easy access to the 
resource allocation recovery explorer tool. In it, a user can explore how changes to the overall 
budget and values such as 
taxonomic distinctiveness, or 
equity in distributing funding 
across regions, influence the 
number of recovery plans to be 
funded, and the number of species 
that can be set on the road to 
recovery (Figure XX1).  
The influence of institutional 
constraints on these expected 
outcomes can also be explored 
under the scenarios tab of the 
tool. For instance, examining the 
implications of a hypothetical 
(but possibly representative of 
how current decisions are made) 
institutional policy that allocates 
funding evenly across taxonomic 
groups shows that cost-efficiency 
is reduced (Figure XX2)  
Scenarios can also be displayed 
as an “action quadrant” that 
indicates where recovery plans 
fall across a spectrum of costs 
and benefits (left). Such plots (below) can be used to inform discussions about how 
prioritised versus actual resource allocation differs. This tool is available to the public at 
https://shiny.sesync.org/apps/RecoveryExplorer/. 
 
 
 
 
  
Figure 1: National summary tab in the resource allocation tool 
provides an overview of the outcomes of different decisions 
Figure 2: When even representation across taxonomic groups is an 
institutional objective (blue scenario), less plans, species, and benefit are 
accrued than when cost-efficiency is optimised at the national level 
Figure 3: Points indicate the cost of individual plans and the expected benefit to be gained by 
completing them 
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Appendix D: 
 
There is nothing convenient about plastic pollution. Rejoinder 
to Stafford and Jones “Viewpoint – Ocean plastic pollution: A 
convenient but distracting truth?”  
 
 
This commentary is reproduced from the following publication with some alterations to 
format:  
Avery-Gomm, S., Walker, T.R., Provencher, J.F., Mallory, M.L., 2019. There is 
nothing convenient about plastic pollution. Rejoinder to Stafford and Jones 
“Viewpoint – Ocean plastic pollution: A convenient but distracting truth?” Marine 
Policy. 106: 103552. https://doi.org/10.1016/j.marpol.2019.103552 
 
 
Abstract 
This rejoinder challenges the assertions made by Stafford and Jones in the Marine Policy 
article: “Viewpoint – Ocean plastic pollution: A convenient but distracting truth?”. That 
article - and its title - are counter-productive to a shared goal of conserving the environment 
for current, and future generations. While it is important to keep global threats in perspective, 
we simply do not have the luxury of tackling environmental issues one at a time. The authors 
provide no evidence to support their claim that efforts to address plastic pollution are 
undermining progress being made to address other threats to the planet and humanity, such as 
climate change and biodiversity loss. We argue that continued momentum on all fronts is 
needed to address the growing list of environmental crises and that emerging issues should be 
met with additional resources. 
 
1. Introduction  
Marine Policy recently published an article by Stafford and Jones [1] entitled 
“Viewpoint – Ocean plastic pollution: A convenient but distracting truth?”, which suggested 
that the environmental issue of marine plastic is detracting from attention and progress on 
more serious environmental threats. This article - and its title - are counter-productive to the 
shared goal of conserving the environment for current, and future, generations. The authors 
frame plastic pollution as a distracting issue and suggest that efforts to address plastic 
pollution undermine the progress that is being made on other more severe threats to the planet 
and humanity such as climate change and biodiversity loss. This is problematic because it 
could undermine the building momentum to address plastic pollution. We simply do not have 
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the luxury of tackling environmental issues one at a time. Continued momentum on all fronts 
is needed to address the growing list of environmental crises.  
  
2. Comments to Stafford and Jones  
2.1 Keeping threats in perspective 
Stafford and Jones [1] express the view that “plastic pollution has been 
overemphasised by the media, governments and the public as the [most significant] threat to 
marine ecosystems.” Although plastic pollution is globally acknowledged to be an urgent 
crisis requiring immediate action [2,3], we agree that climate change and biodiversity loss 
are more severe threats to our planet and humanity [4,5]. However, we argue that spending on 
research and mitigation are better indications of the relative importance placed on each threat 
than recent trends in nature documentary content. Gaining an accurate accounting of 
conservation spending that would enable comparisons across threats is fraught with 
complications. However, our impression is that investment in pollution research, mitigation 
and management is much less than the funding allocated to tackle climate change and 
biodiversity loss (i.e., billions of dollars (USD) versus hundreds of billions of dollars 
(USD); [6–8]).  
  
2.2 Funding to tackle multiple threats   
Stafford and Jones [1] express the view that progress on addressing plastic pollution 
has come “at the expense of climate change and biodiversity loss.” This suggests a concern 
that investment in plastic pollution research and mitigation is supported by reallocating funds 
previously spent on other issues and is premised on the assumption that the funds are finite. 
While this may be true, the authors do not provide any examples to support their 
supposition. Rather than debating over how to share allocations of the funding pie, we ought 
to collectively argue for why emerging issues should be met with additional resources (as has 
been argued in health fields to consider epidemics [9,10]). 
It will be cause for concern if the recent increase in funding allocated to study and 
address plastic pollution has resulted in a corresponding decrease in funding to address 
climate change or biodiversity loss. Ultimately, increased funding to support the recovery of 
planetary health by addressing varied environmental threats will likely be required until a 
stable, sustainable equilibrium is achieved. Fortunately, there is evidence to suggest that 
economic growth can occur under “greener” scenarios [11,12] so investment in conservation 
and sustainable development are linked. 
  
2.3 Public interest benefits global conservation 
The authors highlight the aspects of plastic pollution that make it an easy issue for the 
public to engage. But, Stafford and Jones [1] provide no examples to support the idea that 
growing concern about plastic pollution has had the perverse outcome of undermining 
progress on more severe environmental issues. Rather, with visually confronting examples of 
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marine debris and afflicted wildlife, “activists and educators are teaching industry and 
society about the long-term consequences of short-term behaviour as well as how to pressure 
corporations along the product cycle” [2,13]. 
We agree with Stafford and Jones [1] that plastic pollution will not be eliminated 
through consumer choice or technological solutions alone, because they do not address the 
underlying causes of overconsumption of natural resources by a growing global population. 
But increased public awareness of plastic pollution has helped to motivate government 
responses to changes in policy to mitigate plastic pollution and should be valued [14–
16].  Establishing a circular economy will require collaboration by all the key players in the 
value chain, including product developers, plastics producers, recyclers, retailers and 
consumers [17].  
 
2.4 Plastic Pollution is not a convenient truth 
Stafford and Jones [1] took the view that ‘ocean plastic pollution has created a 
convenient truth to distract environmental policy from more serious and urgent threats’ if 
(1) ‘the momentum of the anti-plastic campaigns cannot be mobilised to support more than 
one environmental cause’ and if (2) ‘governments can be seen to be fulfilling their 
environmental obligations by introducing policies such as slowly phasing out ‘avoidable’ 
plastic packaging.’ If this were the case, we might agree that plastic pollution serves as a 
distraction, but this is not supported by available information. 
The momentum of the anti-plastic campaigns does both, directly and indirectly, 
support more than one environmental cause. Although eliminating plastic pollution is not the 
most direct route to address climate change or biodiversity loss, a relationship does exist 
between these issues and must be recognised. For example, plastic production (a petroleum 
derivative) and incineration of plastic waste contribute to greenhouse gas (GHG) 
emissions [18,19]. In Europe alone, it is estimated that plastic production and the incineration 
of plastic waste gives rise globally to emissions of ~400 million tonnes of CO2 a year [19, 
20]. Thus, reducing the production of new plastics (i.e., through developing a circular 
economy) will reduce plastic pollution and curb CO2 and GHG emissions. Additionally, 
stemming the flow of plastics (i.e., source control [21]) into the environment will reduce 
biodiversity loss associated with the entanglement of marine biota (e.g., ghost fishing gear), 
plastic ingestion, and smothering of marine and freshwater benthic habitats [see reviews 
in 22,23].  
Phasing out ‘avoidable’ plastic packaging has not been touted as a ‘one-and-done’ 
solution. Rather, it is an essential first step, as plastic packaging is a significant fraction of 
plastic waste (e.g., 39.9% of plastic waste [17]). Replacing single-use plastics, many of which 
are not-recyclable with recyclable alternatives is a key part in building a circular 
economy [17,24]. Given the current international agreements in place to address important 
global environmental threats (e.g., Paris Agreement, Convention on Biological Diversity 
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Aichi Targets) it is unlikely that governments will be seen to fulfil their environmental 
obligations simply by phasing out ‘avoidable’ plastics.   
 
3. Conclusion 
The growing concern about plastic pollution and the building momentum has already 
lead to a ground-breaking, global agreements. We applaud the recent amendments to the 
Basel Convention which establishes a legally-binding framework that will improve the 
capacity of approximately 180 countries’ to prevent, minimise and properly manage marine 
plastic litter, for the benefit of the environment and human health [25]. Given that 80-90% of 
marine plastic litter has come from land-based sources [26], reducing waste generation at 
source and improving waste management thereafter is a step in the right direction.  
While it is important to keep global threats in perspective, it is counter-productive to 
frame the growing interest in research on monitoring, mitigating and managing plastic 
pollution as distracting from the progress being made on other planetary threats like climate 
change and biodiversity loss. Plastic may be convenient, but there is nothing convenient 
about plastic pollution.  
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